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The design and control of work zone traffic control areas is governed by standards 
published by the United States Department of Transportation (US-DOT) and documented 
in the Manual for Uniform Control Devices (MUTCD).  While these configurations have 
evolved over time to reflect safer and more efficient management practices and have 
become familiar to drivers, they are also recognized as areas of vehicle conflict that can 
cause congestion and safety problems.   
As part of this research, a new design has been developed that has the potential to 
lessen the detrimental effects of lane closures in work zones.  This new concept, known 
as the “joint merge,” is configured to simultaneously merge two lanes into one. The key 
feature of the joint merge design is its use of a two-sided taper.   In it, both lanes 
approaching a lane reduction are simultaneously tapered into a single lane, with neither 
lane having a priority, thereby influencing drivers to merge in a smooth alternating 
pattern.   
The joint merge configuration was examined at a work zone site in Louisiana and 
compared to the MUTCD conventional merge configuration that was tested at the same 
site. The performance measures collected in the field included lane-specific volume and 
vehicle speeds. The two designs were quantitatively compared using Analysis of 
Variance (ANOVA) and T-test statistical procedures. These two testing agents were used 
to analyze the effects each design had on volume, speed and vehicle lane distributions at 
several locations in advance of the work zone entrance.  
Using speed and volume data, the joint merge traffic control plan was found to 
increase the efficiency of the closed lane and better encourage the use of both lanes 
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leading up to the work zone entrance. It was further concluded that the number of lane 
changes during low and high volume periods decreased when the joint merge 
configuration was used. While no conclusive findings could be made relative to its 
specific effect on capacity, the video recordings and lane usage data suggested that the 




CHAPTER 1. INTRODUCTION 
With more than 3,000 highway construction work zones in operation on the national highway 
system on any given day, there is an increasing need to provide safe and efficient mobility for 
vehicles traveling in the vicinity of the work zones (U.S. Department of Transportation 2002). It 
has been estimated that the typical motorist encounters an active work zone almost every 100 
miles (G. Ullman 2004).  Therefore, driving past or near a construction zone has become a 
common occurrence for most drivers. However, fatalities from motor vehicle crashes in work 
zones increased approximately 50 percent between 1997 and 2003 (U.S. Department of 
Transportation 2003). More specifically, 1,028 fatalities occurred in work zone related crashes, 
with an additional 40,000 injuries, in 2003 (National Cooperative Highway Research Program 
2005). 
The increase in driver risk created by work zones are often attributed to roadway 
maintenance work, which often requires the closing of at least one lane during construction 
periods. Construction periods range from hours to years depending on the type of work being 
done and the specific conditions that exist at the site (i.e. roadway type, roadway volume, posted 
speed limit, roadway configuration). There are three types of construction periods: short, 
intermediate, and long term. Short-term construction is typically accomplished during the day 
and lasts from one to twelve hours. Intermediate construction may be performed overnight but 
lasts no more than three days. Any work anticipated to require more than three days of 
construction is classified as long-term work. Regardless of the work classification, construction 
in work zones requires the closure of at least one lane and often results in decreased capacity, an 
increase of hazards, and longer delays for drivers.   
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An important feature of the work zone configuration is the transition zone. In transition 
zones, available lanes gradually decrease and arriving traffic moves out of the lane baring 
construction. Since lane closures reduce capacity, areas before the transition zone can become 
highly congested during heavy traffic periods with queues stretching for miles ahead of the 
transition zone.  Another problem associated with transitions in work zones is driver 
dissatisfaction and frustration.  A recent study found that a third of drivers were dissatisfied with 
work zones on highways  (U.S. Department of Transportation 2001). In addition to safety 
concerns, motorist dissatisfaction may be influenced by reduced capacity and increased travel 
time.  
Kim, Wang and Ulfarsson (2007), reported approximately 60 percent of freeway 
congestion is caused by “expected incidents” such as work zones or “unexpected events” such as 
crashes. Work zone lane closures have been shown to increase congestion during heavy volume 
periods. In low to medium volume conditions, transition zones function with few problems since 
there are numerous gaps of adequate size for drivers to change lanes.  Drivers in open lanes often 
adjust speed to create gap opportunities for merging drivers, similar to freeway on-ramp 
situations.  However, once traffic demand reaches or exceeds capacity in transition areas, speeds 
rapidly drop and queues of slower-moving traffic begin to form. During high volume periods, 
these queues can extend upstream for long distances, intensifying driver frustration as conflicts 
arise between vehicles approaching the transition zone.  
Three lanes are involved in guiding vehicles through transition zones. Throughout this 
study, those lanes are referred to as “closed”, “open”, and “merged” lanes and are shown in 
Figure 1. Open lanes are unaltered lanes for which vehicles traveling in them are not shifted 
laterally. Closed lanes terminate, and vehicles in them are required to transition to the adjacent 
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right or left lane depending on the configuration. Merged lanes are lanes downstream of the 
transition zone that carries traffic from both of the entry lanes. They are located immediately 
after the taper and receive traffic from both closed and open lanes. A taper restricts the 
longitudinal movement and is used to channel vehicles into the merged lane.  
 
 
Most lane closures result in vehicles in the closed lane merging with vehicles in an 
adjacent open lane. Familiar drivers often position themselves in the open lane prior to the 
upcoming lane closure. It is more common for unfamiliar and aggressive drivers to be positioned 
in the closed lane. Louisiana traffic law, similar to that in other states, requires merging vehicles 
to yield to vehicles in the open lane to which right of way (ROW) has been assigned (Louisiana 
Department of Public Safety and Corrections 2009). A traffic control device such as the W4-2 






Figure 1: Lanes Involved in Merging Maneuvers 
Figure 2: Illustrated Warning Signs 




Standard design practices for the design of lane closures in work zones are published in 
the Manual on Uniform Traffic Control Devices (MUTCD). It states that work zones should 
maintain driver familiarity.  To do so, lane closures are designed so that drivers travel safely 
through the Temporary Traffic Control (TTC) zone, reducing speeds no more than 10 mph. 
Other research showed accident rates and speed variances were lowest when these types of speed 
limit reductions were maintained (Migletz, et al. 1999). The MUTCD (2003) also suggests the 
application of the following equations to calculate the minimum required length of the transition 
zone.  
For speeds equal to or greater than 45 mph  
  
 




W= the width of the lane (feet) 
S= the posted speed, 85 percentile speed, or the calculated speed (mph), and 
L= the longitudinal length of the transition area (feet) 
For a closure of a single twelve foot lane with a posted speed limit of forty-five miles per hour 
(mph), the minimum transition taper length would be 12 feet x 45mph = 540 feet.   
A standard MUTCD design for temporary traffic control during closures of four-lane 
divided highways is shown in Figure 3. This design has been developed over many years of 
study and application to maximize the safety and efficiency of traffic operations. Also illustrated 






 ( 2 ) 
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in Figure 3 is the typical signage involved in a lane closure. These signs are placed at various 
locations in the advance warning area, which is an area designated for the purpose of warning 
motorists of an upcoming work zone and  a possible lane closure. The values of A, B, and C 
shown in Table 1 are the recommended placements of advance warning signs for use in work 
zones and incident areas. Where in feet: 
 A is the distance from the start of the taper to the first sign 
 B is the distance from the first sign to the second sign and, 
 C is the distance from the second sign to the third sign.   
Figure 3: MUTCD Typical Applications of a “Stationary Lane Closure on Divided 
Highways” (Source MUTCD 2003) 
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Table 1: Advance Warning Sign Measurements (Source: MUTCD 2003) 
 
A central aspect of traffic operations within these areas is the established flow hierarchy 
in which motorists in the open lane have right-of-way and drivers in the closed lane must adjust 
their speed to merge into a gap in the open lane. Polus and Shwartzman (1999) concluded that 
throughput in work zones are mainly dependent on the geometry, location and traffic control 
plan of the work zone.  
1.1. Problem Statement 
The current lane closure design specified in the MUTCD seeks to guide drivers from the closed 
lane to the merged lane.  It has been theorized, however, that such maneuvers can be unsafe and 
inefficient during high volume periods. A high concentration of vehicles in the open lane creates 
an imbalance in lane volume, which can lead to longer queue lengths and different operating 
speeds between the open and closed lanes.  Differential speeds have been recognized to be 
related to increased crash frequency (National Cooperative Highway Research Program 2007).   
From a driver behavioral standpoint, some aggressive drivers take advantage of the imbalanced 
conditions to pass slower-moving or stopped traffic for as long as possible; even proceeding to 
the very front of the queue before merging into the open lane.  This creates irritation among 
drivers who merge early and have “waited their turn” instead of moving to the very front of the 
queue and merging into an insufficient gap.  On occasion, some drivers have combated these 
Road Type A B C 
Urban (low speed) 100’ 100’ 100’ 
Urban (high speed) 350’ 350’ 350’ 
Rural 500’ 500’ 500’ 
Expressway/ Freeway 1,000 1,500 2,640’ 
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conditions by resorting to partially or even fully blocking the closed lane to prevent late merging 
drivers from passing.  Similar behaviors are also exhibited by truck drivers who create “rolling 
blockades” by driving side by side at the same speed and prevent vehicles from passing (Pesti, et 
al. 1999).  In the past, these conditions have even led to dangerous maneuvers like driving on 
shoulders, incidents of road rage, and in some locations, even fatal traffic crashes (Massachusetts 
Highway Department 2006). 
A review of the literature revealed that a considerable amount of research on improving 
the safety and mobility of vehicles in work zones has been conducted (U.S. Department of 
Transportation 2002). However, improving the transition zone’s geometric layout has not been 
considered as a possible solution to the ongoing merging problem at the entrance of the transition 
zones. Enhancing geometric design features such as taper lengths and alignment of channeling 
devices, in addition to, experimental signs and/or other traffic control measures may lead to more 
positive results.  
1.2 Tasks 
The primary goal of the study was to test and evaluate an experimental merge design that was 
thought to better combine two streams of traffic into one lane. To accomplish the research goal, 
the tasks were to: 
1. Identify and document both the state-of-the-art and state-of-the-practice with respect to the 
geometric design and traffic control at the entrance to construction work zones on rural 
freeways. 
2. Select or design a merging strategy that was thought to accomplish a more efficient merge 
than current designs. 
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3. Identify potential sites on rural freeways in Louisiana to test and compare the conventional 
and experimental merge configuration. 
4. Generate alternative traffic control schemes for the selected experimental merge design, and 
apply them to the appointed work zone test site. 
5. Obtain lane specific speed and volume data from the work zone site.  
6. Evaluate and analyze the traffic data gathered for the two design configurations, the 
experimental and the conventionally used configuration 
7. Document results.  
8. Provide recommendations on design features that are thought to enhance the function of the 
experimental merge configuration. 
1.3 Significance of Research 
Today’s need for rehabilitation and reconstruction of our roadways, coupled with ever-growing 
traffic congestion, has led to complex challenges in maintaining safety and mobility at work 
zones nationwide.  In 2004, the Federal Highway Administration (FHWA) required all state and 
local governments receiving federal-aid highway funding to better address safety and mobility 
issues of work zones.  According to recently published statistics, there are significant mobility 
and safety problems with work zones that research must address.   
A unique and innovative technique was designed to improve traffic operations and reduce 
driver irritation in areas leading up to the transition zone.  The method, known as the “joint 
merge,” operates by encouraging approaching drivers to evenly balance their lane positions 
upstream of the transition zone and not indicating which lane will terminate ahead.  As a result, 
neither lane has an established priority and an alternating merge pattern develops in which both 
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lanes simultaneously converge into a single center lane.  It has been suggested that the joint 
merge operation can improve traffic operations by:  
• reducing queue lengths upstream of the merge point as both the closed and open lanes 
become evenly utilized; 
• increasing the quality of merging events and  creating a smoother flow of traffic before and 
within the transition zone by encouraging more uniform operating speeds and decreasing the 
lane changing and weaving that occurs prior to reaching the transition zone; and 
• improving driver satisfaction as drivers can no longer gain an advantage by choosing one 
lane over the other and confusion of which lane is closed is decrease 
Despite the various versions of joint merge strategies successfully practiced around the 
world for many years, the common belief that lane priority must be established in lane closure 
circumstances still exists in the United States (U.S.). Though on a very limited basis, 
arrangements similar to the joint merge concept is used in the U.S. to sustain an orderly flow of 
vehicles.   However, before this study, the joint merge design has never been tested in the field 
for possible use in work zones. The results from this study’s field tests may be useful for 
practitioners seeking to implement alternative methods to increase mobility and safety in work 
zones. It is also expected that the joint merge design will become more common in practice 








CHAPTER 2. LITERATURE REVIEW 
One of the main objectives of a freeway is to provide means of uninterrupted travel to drivers 
desiring to safely and quickly arrive at a destination. The introduction of work zones and their 
accompanying lane closures slows the progress of travelers and reduces the effectiveness of 
freeways.  This section discusses work zone traffic control issues identified by several 
transportation agencies and the strategies designed to address and correct the concerns.   
2.1 Work Zone Traffic Control Issue 
The unfortunate combination of relatively high speeds and crowded freeways is a reoccurring 
concern for the nation’s state highway officials. Under these circumstances, the potential for 
vehicle crashes are high as a densely populated road leaves very little room for driver correction. 
The crash rates in work zones are disproportionately higher than crash rates outside of work 
zones (Massachusetts Highway Department 2006). The presence of construction reduces the 
efficiency of a roadway making events such as rear end crashes more probable. In Washington 
State 35 percent of freeway crashes are rear-end crashes and are likely due to approaching 
vehicles’ inability to stop and/or maneuver around a stopped queue of vehicles (Kim, Wang and 
Ulfarsson 2007). 
Three critical work zone related issues identified by the Federal Highway Administration 
(FHWA) are safety, mobility, and constructability (Federal Highway Administration 2006). 
Constructability refers to the optimal use of construction knowledge and experience to achieve 
project goals. These three critical work zone related issues are affected by project, travel, and 
traffic characteristics such as: corridor communities, network issues; design procurement, 
construction options, work zone designs, safety issues, temporary traffic controls strategies, 
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transportation operation strategies, and public information strategies (Federal Highway 
Administration 2006). 
The closure of a lane presents several areas of concern. Pesti et al (1999) explained the 
details of a focus group that was formed by the Nebraska Department of Roads to identify 
problems associated with lane closures in work zones. This focus group was composed of law 
enforcement representatives, professional truck drivers, traffic control contractors, highway 
project engineers, and traffic engineers. The problems and solutions identified were either 
directly or indirectly related to merging events. Problems identified were:  
1. High potential for rear end crashes; 
2. Drivers not knowing which lane is closed in advance of the queue; 
3. Frustrations experienced by drivers in the open lane because drivers in the closed lane are 
passing them; and 
4. Frustration experienced by drivers in the closed lane who are blocked by vehicles 
straddling two lanes preventing passing. 
Suggestions were also made by the focus group to address these problems. These 
included practices to: 
1. Always close the right lane;  
2. Use variable message signs that provide real time information to drivers upstream; 
3. Use speed monitoring displays to discourage speeding; and 
4. Use no passing zones in advance of the lane closure. 
Other state agencies such as the Massachusetts Highway Department have been 
addressing the following notable concerns of work zone management plan: 
1. The safety of bicyclist pedestrians, and motorist traveling through the work zone 
12 
 
2. Protection of work crews from hazards associated with moving vehicles 
3. Delays to facility users 
4. Access and maintenance to nearby facilities 
5. Issues that may result in project delay 
The presence of vehicles directly or indirectly affect these issues, which is why 
completely closing the roadway has been suggested by some to be the most efficient method for 
roadway construction (Massachusetts Highway Department 2006). While closing a roadway may 
be a viable option under certain conditions, closing a divided highway or freeway is less than 
ideal since it is often used by a large amount of travelers on both short and long commutes. 
Therefore, adequately servicing motorists without compromising the safety and mobility of work 
crews is a constant struggle in freeway work zones. 
2.2 Work Zone Capacity 
Capacity of a work zone is governed by many independent factors such as type of work being 
performed; merge configuration; and the time required for the work to be completed.  Table 2 
depicts the variations in capacity, established by the Highway Capacity Manual, for different 
lane closure configurations at long term work zones. It should be noted that these values are 
based on several studies in Texas during the late 1970s to the early-to-mid 1980s at which time 
some current traffic controls were not used (Al-Kaisy, Zhou and Hall 2000). Polus and 
Shwartzman (1999) concluded that flow rates in a work zone vary from location to location. This 
finding was consistent with others. Dudek and Richards (1982) observed a 24 percent increase in 
per-lane flow rate after opening an additional lane at an examined work zone site. It was also 




Table 2: HCM Measured Average Capacity for Lane Closures  
(Source: Beacher, Fontaine and Garber 2004)   
 
The disparity in capacity estimates may be due to the methods selected in determining 
capacity. Al-Kaisy et al. (2000) points out that maximum flow rates are reached when there is a 
14 percent decline in speed. A current method involves selecting and averaging flow rates prior 
to a sharp decrease in speed. This type of strategy is performed by plotting a speed and time 
graph. The graph is surveyed to locate time periods where the average speed has dropped by 
more than 14 percent.  Based on a review of past capacity estimating procedures Jiang (1999) 
defined capacity as “the traffic flow rate just before a sharp speed drop followed by a sustained 
period of low vehicle speed and fluctuating traffic flow rate.” Jiang suggests that capacity be 
governed by the flow rate during congested periods and not by the rates observed during 
uncongested periods. This argument is echoed in other reviews of capacity estimates (Migletz, et 
al. 1999, Kim, Wang and Ulfarsson 2007). Dixon et al. (1996) found that the capacity in a work 
zone is governed by the location and intensity of work activities within the work zone. More 
specifically, researchers claim that capacity at a “heavy” work zones, that is, work involving 
heavy equipment and workers in the close vicinity of the traveled way, would be less than 
capacity in an inactive work zone. They also submit in the absence of heavy work activity, 
Number of Lanes 
Number of Studies Average Capacity (vphpl) 
Total Open 
3 1 7 1,170 
2 1 8 1,340 
5 2 8 1,370 
4 2 4 1,480 
3 2 9 1,490 
4 3 4 1,520 
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capacity is mostly governed by the taper and/or upstream merging behavior. In short, the 
introduction of a construction zone on a main traveled roadway such as a freeway will decrease 
capacity and increase the chance of congestion.  
2.3 The Components of a Merging Maneuver  
2.3.1 Merging Signs 
Whenever a roadway is temporarily altered it is customary to accompany that change with 
warning signs. Conventional traffic control plans use static signs to alert drivers in advance of 
the lane reduction. Usually there are two warning signs; the first textual warning sign is followed 
by a second symbolic warning sign. The two signs shown in Figures 4 and 5 are examples of the 
warning signs used in conventional traffic control plans.  
 




Figure 5: Textual Warning Signs 
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2.3.2 Merging Behavior 
According to local Louisiana State Highway Patrol officers, drivers in the closed lane are 
responsible for safely merging with vehicles in the open lane, to which priority is assigned. This 
law is shared by neighboring states and others throughout the nation.  Designating priority 
encourages drivers in the closed lane to complete merging maneuvers early.   Most drivers in the 
closed lane, over 95 percent, merge before reaching the transition zone, and less than five percent 
of drivers actually use the taper in the transition zone to accomplish a merge (Pigman and Agent 
1988). This phenomenon reduces the roadway’s capacity to accommodate high volumes, since 
the space that is available is not being fully occupied.  McCoy and Pesti (2001) cited that lane 
distribution is a good estimate of the effectiveness of a merging area. The highest amount of 
traffic flow is attained when traffic is evenly distributed.  
The direction of a merge also influences driver behavior.   Zhu and Saccomanno (2003) 
used deceleration rates and speed variances in a simulation to identify uncomfortable and unsafe 
maneuvers for left and right lane merges. Deceleration rates more than 9.8 feet per second were 
considered uncomfortable to drivers. It was found that higher speed variances and uncomfortable 
deceleration rates existed in left lane closures when compared to right lane closures. This 
suggested that left to right merges are more uncomfortable and less safe for drivers than right to 
left merges. 
Trucks are also affected by the direction of a merge. They are more likely to stay in their 
traveled lane during congested periods, especially when traveling in the right lane. It is easier for 
trucks to merge from right to left than from left to right, since larger blind spots exist on the right 
(Pesti, et al. 1999). 
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2.4 Merging Strategies 
2.4.1 Conventional Merge Strategy 
The conventional merge layout shown in Figure 3 includes lane closure signs one mile and a half 
in advance of the transition zone. Those signs are followed by a lane reduction sign 
approximately 1,500 feet from the transition entrance and a flashing arrow panel at the entrance.  
This type of merge control plan is in accordance with the suggested MUTCD lane closure 
configuration. However, this design can be inefficient during congested periods when it is 
common for queue lengths to form and propagate upstream. When queue lengths are beyond the 
advance warning signs, drivers are unaware of the stopped queue downstream. This may result in 
drivers failing to stop once the queue is noticed, which creates a safety concern. Different 
merging strategies that address this problem and others associated with work zones have been 
examined.  
2.4.2 Static Early Merge Strategy  
One of the first strategies tested in work zones was the early merge. It was first used by the 
Indiana Department of Transportation and attempted to increase the response time of 
unsuspecting drivers approaching a merge by placing warning signs further in advance of the 
taper. This strategy alerts drivers of a lane closure at one mile intervals in advance of the taper. 
McCoy and Pesti’s (2001) review of literature discovered some studies showed this plan reduced 
the amount of rear end crashes and frequency of forced merges, while other studies concluded 
that the plan increased travel time and potential for side swipe crashes. The true reason for this 
discrepancy is unknown, but it is believed to be due to the difference in traffic characteristics at 
the sites that were studied. 
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2.4.3 Dynamic Early Merge strategies  
The dynamic early merge strategy was derived from the early merge concept and  is shown 
schematically in Figure 7. This strategy uses real time traffic measurements which trigger “Do 
Not Pass When Flashing” signs upstream of the transition zone.  “Do Not Pass” signs in the 
dynamic early merge strategy are placed at either ¼ to ½ mile intervals upstream of the lane 
closure. They work in conjunction with sonic detectors, which are placed near the signs and are 
used to detect stopped vehicles. When stopped vehicles are detected, a signal is transmitted to the 
nearest upstream “Do Not Pass” sign, and the beacon lights on that sign are activated. The lights 
are deactivated once a stopped queue is no longer detected. A review of literature performed by 
McCoy and Pesti (2001) illustrated the results from a 1997 Indiana Department of Transportation 
field study showed merging events to be “smooth” with this strategy. However, throughput did 
not increase, and in a related Purdue University simulation study, researchers showed travel time 
was longer in comparison to the static early merge. 
 
Figure 6: Dynamic Early Merge (Source: McCoy and Pesti, 2001) 
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2.4.4 Late Merge 
A strategy known as the “late merge” was developed by the Pennsylvania Department of 
Transportation to reduce aggressive driver behavior between motorists in the closed and open 
lanes. The late merge concept encourages both lanes to be used until a specified merging point. 
Once vehicles reach the merging point, the vehicles in the closed lane(s) merge with vehicles in 
the open lane(s) in an alternating pattern. Typically, a “Use Both Lanes To Merge Point” sign is 
placed approximately one and a half miles in advance of the taper. That sign is followed by a 
series of road work signs and a “Merge Here Take Your Turn” sign, shown in Figure 7, which is 
placed 350 feet in advance of the transition area.  
 
Figure 7: Late Merge Layout (Source: Pesti, et al.) 
McCoy and Pesti (2001) found that the late merge had fewer forced merges than the 
traditional merge at high densities. Forced merges occurred when vehicles in the closed lane 
attempted to merge when the gap was not sufficient and evasive maneuvers had to be made by a 
vehicle in either lane. They concluded that 75 percent fewer forced merges and 30 percent fewer 
lane straddles occurred at densities below 25 vehicles per mile (vpm). As the density increased, 
the corresponding percentages also increased. Hence, aggressive driving decreased. The results 
suggested that drivers were more willing to cooperate when everyone was in compliance with the 
rules. The capacity of the late merge was also found to increase by nearly 20 percent. According 
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to Pesti et al. (1999), queue lengths could be reduced by as much as 50 percent if both lanes were 
fully utilized up to the merging point.  
Another study by Beacher et al. (2004) showed no significant difference in the work zone 
throughput volume using the late merge strategy.  This may have been a result of a low 
percentage of heavy vehicles (6.4 percent), the proximity of ramps to the work zone, the late 
merge being introduced after the conventional traffic control plan, and/or intermediate traffic 
signals near the work zone. The positive or negative effects heavy vehicles had on the throughput 
volume were not clearly identified since they could either create large gaps or maximize storage 
space. However, lane straddling among trucks was noted to be a problem, and the expected 
merging behavior was not adopted by most motorists. There was a slight increase in the 
percentage of vehicles in the closed lane. 5.1 percent more vehicles were recorded in the closed 
lane during the late merge strategy. Many vehicles were found to use the open lane, and more 
vehicles were able to pass through the merge point.  
Pesti et al. (1999) also reported a significant difference in distributions between trucks 
and cars. Five percent of trucks and 30 percent of passenger cars remained in the closed lane 
until they reached the W4-2 sign, approximately 500 feet in front of the transition zone. Only 18 
percent of passenger cars stayed in the closed lane after passing the W4-2 sign.  
The two main traffic conflicts observed while the late merge strategy was in use where 
forced merges and rolling blockades.  Traffic conflicts were found to be considerably lower 
using the late merge, which had about 75 percent fewer forced merges and 30 percent fewer lane 
straddles than the conventional merge. The capacity at the study site was found to be higher 
1,470 vehicles per hour (vph) produced by late merges compared to the 1,360 vph produced by 
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the conventional merge. The researchers concluded that the late merge is more effective than the 
conventional merge in terms of safety and efficiency.  
In most late merge studies the full affect of the strategy was not able to be determined 
since motorists did not utilize both lanes until the merge point. Drivers often decreased their 
speed and merged before the merge point. This behavior may be due to the series of road work 
signs that followed the “Use Both Lanes Until Merge Point” sign, and the negative expectation 
drivers in the closed lanes have of driver’s courteous attitude in the open lanes. 
2.4.5 Dynamic Late Merge 
Safety concerns of two vehicles traveling the same speed and approaching the transition area at 
the same time were cited as potential safety hazards for the late merge design. The dynamic late 
merge concept was thought to alleviate this hazard by switching merging strategies as volumes 
change. When volumes are high, a series of signs would be activated informing drivers to use 
both lanes to the merge point. When volumes are low the signs are deactivated and the 
conventional merge strategy is resumed. Safety concerns can also arise when the signs are 
activated and deactivated. When signs are activated during high volumes, the slower-moving 
vehicles in the open lane are expected to revert to the late merge strategy by merging into the 
closed lane, which is likely to have faster traveling vehicles. 
The dynamic late merge strategy has been tested and evaluated by several state agencies 
such as the Minnesota Department of Transportation (MnDOT) and Michigan Department of 
Transportation (MDOT). Mixed results have been reported. MnDOT concluded that the 
implementation of the dynamic late merge did not result in a significant difference in travel time, 
but did decrease volume through the construction zone and decreased queue lengths by 35 
percent. Additionally, it was found that vehicles were nearly evenly distributed near the 
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transition entrance when using the dynamic late merge system in Minnesota (URS 2003). The 
results of the MDOT study differed slightly. There, it was found that dynamic late merge 
strategy improved the flow of travel and increased the percentage of merging vehicles at the 
taper (Grillo, Datta and Hartner 2008). Additionally, a significantly decreased in travel time was 
observed after implementing the dynamic late merge strategy.  However, no significant 
difference was found for the P.M. peak periods (Datta, et al. 2004).  
2.4.6 Always Close Right Lane  
The “Always Close Right Lane” strategy is commonly used in Arkansas. By staying consistent 
and always closing the right lane, drivers who are familiar with the rules would know ahead of 
time which lane is ending. Once the first merge is completed, drivers are channeled to the 
appropriate side opposite of construction. Although the effects of this type of strategy are not 
well documented, it was found that the Always Close Right Lane strategy’s crash rate was 46 
percent lower than the conventional right lane closure strategy (See, Schrock and McClure 
2009).  
2.4.7 Crossover 
Crossover methods are used when all lanes in one direction are under construction. Vehicles are 
directed into the adjacent roadway and turned into a bi-directional roadway for the extent of the 
construction work. Therefore, drivers face opposing traffic with very little lateral separation 
whereas under normal operations they would not have to do so. A common method used to 
alleviate the problem of high speed opposing traffic is the placement of a concrete median barrier 
for the length of the work zone. Heavy traffic, visibility during the night, and weather are also 
recognized safety issues associated with this strategy. This control method also reduces lane 




In the Netherlands, Belgium and Germany, alternating merge operations are known as “ritsen” or 
“zipping.”  During congested periods in Germany, motorists are required to follow a “zipper 
rule” in which drivers in a continuing lane permit adjacent vehicles to merge in an alternating 
pattern.  In this instance, right-of-way assignment is suspended until the congested period ends. 
The same rule has also been applied in lane drop areas during uncongested periods where drivers 
are instructed by signs to begin zipping maneuvers approximately 1,500 feet before the lane 
terminates.   
A study conducted in the Netherlands suggests that zipping maneuvers do not lead to 
higher bottleneck throughput, but does change the merging behavior (Dijker and Bovy 1999). It 
was found that the combination of new zipping signs (shown in Figure 8) and public education 
campaigns explaining the desired zipping movements prior to installing the new signs resulted in 
zipping occurring further upstream.  This type of behavior may be indicative of driver 
acceptance and a cautious approach toward the zipping strategy.  The shared responsibility of 
completing a merge may encourage drivers to be more cautious, resulting in a safer environment 
for all.  Although investigations of zipping are still ongoing in the Netherlands, efforts are being 
made to educate the driving public on the proper way to carry out the zipper merge (1999). 
 
Figure 8: Zipper Strategy Sign Used in the Netherlands  
(Source: NRC Handelsblad 2000)  
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The first test of a symbolic zipping sign on an open highway in the U.S. was performed 
in Connecticut as part of a study by the Connecticut Department of Transportation (CDOT) 
(Feldblum, Lane and Sime 2005). The study began with a survey administered to licensed 
Connecticut drivers to assess driver comprehension of various types of lane reduction signs.  
An “Alternative Merge Sign” survey was randomly administered to over 360 households 
in Connecticut in which 241 surveys were completed correctly. The survey was used to solicit 
the advice of Connecticut drivers on the most understood symbolic merge sign. The survey 
consisted of six different lane reduction symbolic signs shown in Appendix A. Respondents were 
asked to rank each sign from 1 to 6, 1 being the most understood and 6 being the least. After 
reviewing the results of the survey, symbol signs “C” ( the illustrative sign depicting the zipper 
merge) and “D” ( A modified W4-2 sign with more detailed graphics) were found to have the 
lowest mean rank (i.e., most preferred). Based on the paper survey, the three top ranked symbol 
signs “C”, “D”, and “F” were selected for an oral survey. 
The oral survey was conducted in a Connecticut Department of Motor Vehicles and 
consisted of research engineers asking randomly selected persons specific questions pertaining to 
what the presented symbol sign meant to them. The results of the oral survey revealed that sign 
“C” was understood 85 percent of the time, sign “D” was understood 50 percent, and sign “F” 
was understood 35 percent of the time. Based on a comparison of these results using a 95 percent 
confidence level and a Chi-Square Distribution, researchers determined, that sign “C” was best 
understood by the subjects (2005). 
Based on the survey results, the MUTCD W4-2 signs were replaced with the 
experimental sign “C” shown in Figure 9 on two separate Connecticut roadways.  Sets of before 
and after observations were collected using video surveillance at the two sites, and video 
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detection software was used to quantify approaching speeds and volumes.  Additionally, 
predetermined parameters were used to rate and score individual merging events recorded by 
video. Each observed merging event was given a score of one, two, three, or four, with a score of 
one given to the most desirable merge.  A desirable merge was defined to occur when neither the 
merging vehicle, nor any nearby vehicles changed speeds or were required to make an evasive 
movement for a merge to be completed.  It was concluded that the experimental sign “C” 
promoted more “desirable” merging movements than the W4-2 sign.  When the experimental 
sign was placed in the field number of desirable merges increased from 56 percent to 66 percent 
and the number of undesirable merges decreased from nine percent to five percent.   
 
Figure 9: Experimental Merge Sign (Source: Feldblum et al., 2005) 
2.4.9 Zipping Concept Applied in the United States 
• Mobile Bay Ferry Queuing Area, Alabama 
Examples of zipping configurations range from quite simple to more complex.  One of the most 
basic examples was found at the Mobile Bay Ferry loading area on Dauphin Island, Alabama.  At 
this location, vehicles are required to queue into two parallel lanes in the median of Bienville 
Boulevard and discharge into a single lane to load onto the ferry.  Queuing stalls are numbered 
such that vehicles line up and depart the queue in a first-in-first-out sequence as shown in Figure 
 
10.  Sign are also posted to encourage 
approximate waiting time based on stall number.
Figure 10: Mobile Bay Ferry Loading 
Anacostia Freeway 
Several examples of locations where 
DC metropolitan area, including the heavily utilized entrance ramp from Pennsylvania Avenue t
the Anacostia Freeway.  As shown in the aerial photo
freeway is fed from two approaches, one of which is signalized.  Drivers are notified of the need 
to follow an alternating merge pattern by “ALTERNATE MERGE” warning signs located at the 
merge point of the ramp as circled in 
photo of Figure 12 also illustrates the alternating process 
peak hour traffic volume. 
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drivers to use both lanes and inform them of their 
  
Area, Dauphin Island AL
on Ramp, Washington D.C.  
 
zipping is encouraged can also be found in the Washington 
 Figure 11, the entrance ramp to the 
Figure 11 and shown at ground level in 









Figure 11: Pennsylvania Avenue Interchange of the Anacostia Freeway, Washington D.C. 




Figure 12:  On Ramp Alternating Merge Traffic Pattern 
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• Baton Rouge Lane Reduction Study 
A study conducted during the summer of 2006 investigated the effects zipping had on merging 
speeds (Idewu 2006). Lane reductions that were assumed to produce the zipping effect were 
indentified and analyzed. Most of the lane reductions used in the study that effectively operated 
as “zipping lane reductions” were located just up/down stream of a horizontal curve where the 
lanes curved into the lane reduction taper creating a funnel shaped merge. 
Two lane reductions that were thought to create zipping movements were selected and 
paired with conventional lane reductions of similar proportions. Lane specific speed data were 
recorded at beginning and end of the merge at each site. All of the study sites involved two lanes 
converging to one. A series of statistical test were performed that aided in identifying the merge 
configuration that was most effective at maintaining speeds as motorist traverse from the 
beginning to the end of the merge. It was found that the zipping lane reductions better 
maintained speeds as motorist traveled through the merging area.  
2.5 Conclusion 
The merging strategies presented above provided evidence that a need for continued research in 
the area of work zone traffic control planning still exists. An effective merging strategy makes 
efficient use of traffic control devices so that the advance warning areas of work zones operate as 
planned. To date, the merging strategies tested in the field possess both desirable and undesirable 
attributes. Table 3 summarizes the intended purpose of each of the examined strategies and lists 
the relative pros and cons in comparison to the conventional MUTCD configuration. Of all the 
listed strategies, the most effective and researched merge strategies are the late merge and 
dynamic late merge. Execution of the late and dynamic late merge in some studies resulted in 
shorter queue lengths, increased capacity, and fewer forced merges.  However, the strategies are 
28 
 
linked to one main shortcoming. Non compliant drivers that began merging before reaching the 
designated merging point were a common occurrence when using the late merge and dynamic 
late merge strategies. 
Table 3: Work Zone Traffic Control Merging Strategies 






















Alerts drivers of a lane reduction in 
advance of the transition area ahead. 
Driver Familiarity 
 
Insufficient during high 
volume periods. Increases 
potential for rear end and side 
swipe crashes. May increase 










Encourages drivers to move into the 
open lane by placing additional warning 
signs further in advance of the transition 
area. 
May encourage drivers 
to use alternate routes 
which would decrease 
the approach volume 
Insufficient during high 
volume periods. Potential 
side swipe crashes. Increase 










Encourages drivers to use both the 
closed and open lane until the transition 
area, at which time each driver is 
instructed to take turns merging. 
Decreases potential for 
rear end crashes and 
aggressive driving. 
Shorter queues 
May be hazardous during low 
volume periods. Drivers do 



















The right lane is always closed during 
construction. Drivers who are familiar 
with the rule know ahead of time which 
lane is closed 
Less confusion on 
which lane is closed 
resulting in less 
potential for side swipe 
crashes 
Insufficient during high 
volume periods. Available 

















Detectors are used to produce real time 
traffic measurements, which triggers a 
series of flashing "Do Not Pass" signs in 
advance of the transition area when 
queues are detected. 
Manages the usage of 
lanes during low and 
high volume periods 
Insufficient during high 
volume periods. Available 













e Alternates merging strategies from the 
traditional merge to the late merge. 
Sensors are used to detect the 
approaching volume. A series of signs 
are activated during high volume period 
instructing drivers to use both lanes to 
merge point (Late Merge). During low 
volumes, the signs are deactivated and 
the traditional merge is resumed 
Sufficient during low 
and high volume 
conditions. Decreases 
potential for side swipe 
and rear end crashes 
Relatively expensive, 
requires longer setup time 
and periodic  maintenance of 
sensors, there are concerns of 
confusion during the 
transition from the late merge 




Confusion between the signage used and the arrangement of channeling devices are 
possible reasons for the unwanted merging behaviors. Although the late and dynamic late merge 
signs encourage the use of both lanes, the channeling devices clearly indicate that one of the 
lanes terminate, leaving motorists to believe that the open lane has priority and should be 
primarily used. This extensive use of one lane over the other is a characteristic of the 
conventional merge strategy, which during high volumes can produce the following problems: 
• Long queue lengths, 
• Long delays, 
• Aggressive driving behavior, 
• Decreased capacity, and high potential for rear end and side swipe crashes. 
Although variations of the MUTCD conventional merge described in Table 3 have shown 
benefits under certain conditions, zipping has been theorized to provide even greater benefits 
with fewer negative effects.  The basic idea of zipping is to create equal opportunity for 
motorists to have access to the merged lane by assigning neither lane a right-of-way priority. 
What is surprising to many people is the idea of zipping is not an entirely new concept in the 
United States.  Although it has not been applied under open highway conditions in the U.S., 
zipping has been applied around the country for a variety of applications.  
The zipping concepts use in European countries is steadily growing.  It has been 
suggested to equally distribute vehicles in neighboring lanes, creating a smooth alternating 
pattern where each vehicle takes turns merging. This is thought to yield a more efficient and 
safer overall operation, particularly in moderate-to-high volume conditions. 
A field test conducted by the Connecticut Department of Transportation suggested that an 
experimental sign illustrating the zipping pattern could improve merging events, safety, and flow 
at lane closures. This was the only zipping study performed in the U.S. that directly evaluated 
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merging operations within the transition area.  Elements from the CDOT study and features from 
several merging strategies were used in the design of a new lane closure configuration tested at a 
work zone site in Louisiana. The following chapter discusses the procedures in designing the 




















CHAPTER 3. METHODOLOGY 
This research study sought to identify and examine a merging strategy thought to be best suited 
for lane closures in work zones. Findings from the literature suggested a “zipping” merge 
configuration that effectively influenced an alternating merge pattern would be more beneficial 
than current merging strategies. Although past attempts to influence an alternating merge pattern 
at the transition zone entrance were made, documented procedures on using channeling devices 
to encourage an alternating merge were not found to exist. Channeling devices are a key 
component in the design of a merge configuration since they operate as a guide for traffic 
merging into a neighboring lane. 
An experimental merge configuration was examined at a work zone site in Louisiana and 
compared to the conventional configuration specified in the MUTCD. Several steps were 
involved in the design and testing of the experimental merge referred hereon as the joint merge. 
Those steps are explained in progressive order in this chapter.  
The motivation for selecting the joint merge as the merge configuration to test is 
explained first. Next the process of designing the joint merge configuration to be incorporated in 
a work zone traffic control plan is discussed. Criteria used in the selection of a test-worthy site 
follow. The remaining sections in the chapter are used to describe the placement and capabilities 
of the equipment used in recording data, and the measures of effectiveness used to compare the 
two configurations. 
3.1 Experimental Merge Design Selection 
3.1.1 Joint Merge Concept 
After an assessment of the advantages and disadvantages of each work zone merging strategy, it 
was determined the most beneficial strategy would be one that is cost efficient, intuitive to 
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motorists and relatively easy to implement. Three of the seven merging strategies highlighted in 
the literature review were found to have at least one of these benefits. The late merge, in some 
studies, was reported to decrease queues and increase flow due to both lanes being utilized up to 
a certain location. The “always close right lane” strategy was thought to decrease driver 
confusion on which lane is closed. Lastly, the zipping concept was used in the CDOT 
Alternating Merge study and was reported to decrease the number of “undesirable” merges and 
increase “desirable” ones. The joint merge encompasses all of the ideal attributes by encouraging 
the use of both lanes, decreasing confusion on which lane is closed, and by creating a 
cooperative environment where motorist share the responsibility of merging. Based on these 
anticipated outcomes, the joint merge was hypothesized to increase the mobility and safety of 
traffic passing through a work zone. 
The joint merge is a traffic control plan for use in temporary and long term work zones. It 
makes use of signage in the advance warning area and channeling devices in the transition zone 
to create an evenly balanced distribution of vehicles in each lane.  Using a series of warning 
signs and a “funnel-shaped” arrangement with traffic control devices at the entrance of the 
transition zone, the joint merge simultaneously merges two lanes into one. 
3.1.2 Selection of a Joint Merge Traffic Control Layout 
Three alternative joint merge design schemes were presented to a committee comprised of state 
and local traffic officials and researchers. Of the three alternative design schemes, one was 
selected for testing at a work zone site. Diagrams of alternative design schemes are included in 
Appendix C. The alternative merge designs were similar in every way except for the design of 
the transition zone and the placement of the signs. The sign used in alternative one was a single 
overhead flashing arrow board that spanned across the lanes and showed two arrows converging. 
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The transition zone was divided into two segments, the first simultaneously transitioned two 
lanes into one and the second shifted vehicles to the left away from construction. 
The W4-2 sign shown in Figure 4 was used in the second alternative joint design scheme. 
To communicate the convergence of two adjacent lanes, different versions of the W4-2 signs 
were placed on the right and left sides of the roadway where the symbolic W4-2 Merge Right 
sing was placed on the right side of the road and the W4-2 Merge Left sign was place on the left. 
Similar to alternative one, the transition zone was divided into two segments. The first segment 
tapered two lanes into one and the second shifted vehicles to the left away from construction.  
Combining design elements of one alternative scheme with another, such as using the 
overheard panel in scheme one with the geometric layout of scheme two, was also explored. 
Ultimately the third alternative design scheme possessed all of the necessary components to 
produce an effective joint merge, and was used for the study. Full descriptions of the joint merge 
design components follow.  
3.2 Joint Merge Design Components 
The traffic control plan of the joint merge configuration along with its conventional traffic 
configuration counterpart is shown in Figures 13 and 14. Although the joint merge design is 
similar to the late merge and zipper merge concept, it differs in a very distinct way.  That is, the 
joint merge incorporates channeling mechanisms that physically and progressively constrain the 
position of vehicles on the roadway leading them to combine more naturally, whereas the late 
and zipper merge concepts are essentially “rules of the road.”  Moreover, there have been 
findings that suggest the late merge rules are not consistently followed by drivers, often due to 
confusion and unfamiliarity with the concept.  This is thought to be attributed to the physical 
configuration of the traffic control devices.  
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3.2.1 Transition Zone 
The joint merge configuration’s transition zone was divided into three segments. Segments one, 
two, and three are shown in Figure 15 colored purple. The first segment gradually merged the 
two arriving traffic streams into one, the second segment was used to create a sense of being in 
one lane before reaching the third segment, which redirected the vehicles to the left or right. The 
distances of each segment are L, ½ L, and ½ L respectively, where L, shown in equation( 1, is 
the length of the taper and is calculated by using the width of the lane and the pre-work zone 
posted speed limit. The MUTCD recommends the length of shifting tapers, such as the one used 
in segment three, be at least half the distance of the merging taper length in segment one. The 
redirection of vehicles in the third segment is governed by the location of construction. In this 
study, right lane closures were performed therefore, the third segment was used to channel 
vehicles to the left lane as shown in Figure 16.  
3.2.2 Traffic Control Devices 
• Signs 
Three experimental signs shown in Figure 13 were included in the joint merge design. Two 
textural signs, “Lane Closed Ahead” and “Both Lanes Merge” along with the symbolic joint 
merge sign designed by CDOT were used to communicate the required merging movements to 
motorists. The symbolic joint merge sign in Figure 9 was one of many involved in a survey 
conducted by CDOT and with permission was the sign of use in this project. 
• Arrow Boards 
In addition to the static signs, two arrow boards were positioned on both sides of the transition 





































































































































































Figure 16: Segments 2 and 3 of the Joint Merge Transition Zone 
 
• Channeling Devices 
Following the arrow boards were channeling devices spaced at forty feet intervals in the 
direction of travel. The lateral distance between the channeling devices decreases gradually to 
sixteen feet. The decrease in lateral distancing began at the entrance of the transition zone and 
extended to the end of the first transition zone segment. Louisiana state law requires that 
channeling devices used in work zones lasting longer than a half day be equipped with beacon 
lights that are set to operate during evening hours. In this study beacon lights were attached to 
each channeling device. 
• Changeable Message Boards 
Changeable message boards (CMB) are mobile message units that display transcribed 
information and inform drivers of conditions that requires extra attention. When used properly 
they are more effective than static signing. An effective CMB is one that conveys a message to 






2005). Guidelines expressed in the MUTCD should be used when placing CMBs, however, the 
specific details of CMB placement and procedures vary from state to state.  
Three CMBs were used during installation and operation of the joint merge 
configuration. The first was placed one-half mile before the first advance warning sign. The next 
two were placed 1,500 feet before the first advance warning sign and 210 feet before the third 
transition segment.  
The joint merge configuration was tested at the same site twice. During the first field 
tests, the first message board read “Reduce Speed to 60 mph.” The series of messages displayed 
on the second message board was, “Both Lanes Merge,”  “Use Extreme Caution,” and “Road 
Work Ahead.” All three messages were displayed every three seconds. One of those messages is 
shown in Figure 17. The last message board near segment three continuously read “Lane Shifts 
to Left.” 
 
Figure 17: Second Changeable Message Board  
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Three CMBs were placed in the second implementation of the joint merge and remained 
until the configuration was removed. Although worded slightly different at the discretion of LA-
DOTD operation maintenance personnel, the CMBs conveyed the same message to motorists. 
The first CMB read “Reduce Speed to 60 mph” and the second CMB displayed the following 
two messages every three seconds, “Lanes Merge to Center” and “Use Extreme Caution.” Lastly, 
the CMB in segment three used a combination of wording and symbols. It read “Lane Shifts” 
with arrows pointing left underneath the text indicating the lane shifts to the left. 
3.2.3 Traffic Control Layout 
To maintain consistency between designs so that a compared analysis could be performed, the 
placement of the signs used in the conventional merge configuration closely matched the 
placement of the same signs used during the test of the joint merge configuration. The 
positioning of those signs is outlined in Table 4. 
Table 4: Placement of Static Signs for the Conventional and Joint Merge 
 Traffic Control Plans 
 
Signs 
Distance in Advance of Transition Zone 
Joint Conventional 
“Road Work 1 Mile” 1 mile 1 mile 
“Speed Zone Ahead” 3,400 feet 3,400 feet 
“ (Right) Lane Closed Ahead” 2,600 feet 2,600 feet 
Illustrated Sign (W4-2 or Experimental) 1,000 feet 1,000 feet 
“Speed Limit XX” 2,600 feet 1,800 feet 




The nature of the two merge configurations required modification to the location of a few 
advance warning signs. Those signs were the “Speed Limit XX” and the “Both Lanes Merge” 
sign. When the configuration was changed from the conventional configuration to the joint 
configuration, the “Speed Limit XX” sign was replaced with a “Both Lanes Merge” sign and 
relocated 1,600 feet upstream.  
3.3 Site Selection 
Selection of a suitable site was critical since some roadway elements could not be controlled. An 
external disturbance such as nearby interchange ramps and unlevel terrain complicates the 
analysis and can lead to biased results. Selecting the proper test site limits the need to account for 
the surrounding environments affects on travel behavior. A set of criteria were used to select the 
ideal location to perform the study. The ideal location was to have:  
1. Active construction work on rural freeways;  
2. Two-to-one lane closures; 
3. Recurring periods of congestion and queuing; 
4. Adequate space along the shoulder for set up of data collection devices; 
5. Limited access to entrance and exit ramps within or near the study area; and 
6. Relatively straight horizontal and level vertical alignments. 
Several sites within approximately 100 miles from Louisiana State University were 
considered. The site used in this study was on Interstate (I)-55 north of Hammond between mile 
markers 33 and 36. While the merge configuration experiments were initially developed to 
accompany routine road maintenance projects; this study did not include analysis of traffic 
behavior in active work zones because of conflicting schedules between LA-DOTD, contractors, 
and researchers. Instead, “dummy” work zones, work zones without any work present, were set.  
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3.4 Description of the Study Site 
To eliminate the effects of roadway curvature, the study was performed on a straight and level 
segment on I-55. The nearest onramp was located 250 feet in advance of the entrance to the 
study area, and the nearest off ramp was two miles after the study area.  The total length of the 
area were testing occurred was 7,704 feet. 
According to Louisiana Department of Transportation and Development (LA-DOTD) the 
2007 average annual daily traffic counts north bound on I-55 near the study site was 
approximately 20,858 vehicles per day (vpd). During normal operations, the posted speed limit is 
70 mph, but when lane closures are present the posted speed limit is changed to 60 mph.  
The site was visited periodically throughout the duration of the study by researchers, 
primarily to capture video images of merging events. Evidence of vehicular crashes such as: tire 
markings, dismembered beacon lights, displaced channeling devices, etcetera were also noted. 
This evidence will be used in a separate safety study currently underway. 
When lane closures were in place, LA-DOTD road-maintenance personnel visited the site 
at least once a day to ensure traffic control devices were functioning properly. Most days the site 
was visited once in the evening and once during the day.  
• Detection Zones  
Four detection zones in advance of the transition zone and one detection zone immediately after 
the transition were established for both configurations. Figure 18 illustrates the location of the 
zones termed Zone A, Zone B, Zone C, Zone D, and Zone E. The lettering used to identify each 
zone coincides with the position in progressive order. Therefore, Zone A was the first zone, 
before the first advance warning sign, and the following zones progressed in letters to Zone E, 
which was after the transition from two to one lane was complete. Zone A was positioned before 
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the advance warning area, and it represents the traffic behavior under normal driving 
circumstances not influenced by any signage or lane closures.   
3.4.1 Data Collection Devices 
Video recorders and Vehicle Magnetic Imaging Recorders (MIRs) were used to record speed, 
volume, vehicle type and merging maneuvers. The MIRs are self contained vehicle sensors that 
require no external sensors. MIRs are installed under a protective rubber cover in the center of 
the traffic lane so that motor vehicles pass over the sensor. No physical contact by a vehicle is 
necessary. The sensors use vehicle magnetic imaging to detect vehicles as they move through the 
earth’s magnetic field. Every motor vehicle has parts that are constructed from iron. When a 
vehicle passes over the MIRs, the iron parts interfere with the earth’s magnetic field. This 
disturbance creates electrical signal changes in the sensors. As a result, the MIRs can determine 
vehicle presence, count each vehicle, measure vehicle speed, and record vehicle length. The 
MIRs also reports road surface temperature. 
• Reliability of the MIRs 
The sensors record speeds and vehicle lengths with 90 percent accuracy plus or minus four miles 
per hour and four feet respectively. Vehicle counts are reported to be 99 percent accurate. The 
maximum storage capacities of the units are advertised as being 300,000 vehicles or 21 days, 
whichever comes first. Headways are internally derived by the units from the vehicle counts and 
speed information. The automatic headway adjustments identify vehicles with speeds below 



















































• Video Recorder 
An over-the-counter hard disk drive camcorder was situated on an overpass facing the opposite 
direction of travel and overlooked the transition zone. The camcorder captured merging events 
from the beginning of the transition zone to the beginning of the study site.  Figure 19 shows the 
range in distance the video recorder was able to capture. Video images of merging events were 
recorded for future qualitative and quantitative analyses, and were used as visual supplements to 
data recorded by the MIRs. Approximately two hours of video were recorded during each site 
visit by the researchers including some visits during installation and removal of lane closures. 
This resulted in over ten hours of video recordings when lane closures were set. 
 
Figure 19: Entry into Transition Zone of the Joint Merge Configuration 
• Installation 
The enormous amount of effort in the labor-intensive data collection process for this study 
cannot be understated. Efforts to install MIRs were affected by holidays that generated large 
amounts of traffic, weather, availability of the LA-DOTD road-maintenance personnel, and 
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speeding vehicles near the installation crew. The goal of acquiring lane specific traffic 
information from several zones in the study site required the execution of several safety 
measures explained below.  
Although arrow boards were primarily used as a supplement to static signs during the 
execution of a merge configuration, they were first used during the installation of the MIR 
sensors. A truck-mounted arrow board was placed at least one half mile in advance of the 
installation area to encourage motorist to use the lane opposite of where the sensors were being 
installed. For instance, when MIRs where installed in the right lane, the truck-mounted arrow 
board was positioned in the right lane and displayed an arrow pointing to the left. A minimum of 
five LA-DOTD maintenance persons were dispersed evenly from the arrow board to the point of 
installation. Shown in Figure 20, maintenance personnel flagged motorist in the opposite lane 
and served as additional security for the installation crew, which usually required three people.  
The MIRs were attached to the middle of the lane using the following tools: 
1. Protective Rubber Cover 
2. Anchors 
3. Hammer Drill and 5/8” drill bit 
4. Screws 
5. Washers 
6. Ratchet Set and 
7. Leaf Blower. 
An electric hammer drill, powered by a gas generator attached to the back of a truck, was 
used to drill two inch deep holes. During the drilling process, a leaf blower was used to blow 
away residue created by drilling since it was found on past attempts that settled residue impeded 
the screwing process. Next screw-anchors were placed in the holes. Finally, the MIRs were 
 
incased in the protective rubber cover and attached to the lane using screws, washers, and a 
ratchet set. This process was repeated seven t
installation process are shown in Figures 21 and 22.
 
Figure 20: Flaggers near the Installation of MIRs
• Sensor Placement 
The locations selected for sensor placement were gove
sensor’s proximity to other sensors in nearby zones, and by areas where most lane changes were 
likely to occur. Motorists typically respond to information they view as being noteworthy. 
Therefore, areas near signs that were considered to convey “important information” were 
targeted as possible locations for sensor placement. Signs that motorists were thought to most 
likely respond to were the “Lane Closed Ahead” sign, the “Speed Limit XX” sign and the 
symbolic right lane closed sign.  
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imes at different locations. Images of the sensor and 
 
 





Figure 21: Example of the Installation Process 
 
Figure 22: Attached MIR with Protective Cover 
 With the exception of ZONE E, which had only one lane and one sensor, a total of two 
MIR sensors were placed in every zone. The sensors sharing a zone were placed across from 
each other in the middle of the respective lane. An example of attached MIR sensors are shown 





Figure 23: Placement of MIRs 
 
Table 5: Placement of MIR Sensors for Both Merge Configurations 




A 1 and 2 
1500’ before first 
advance warning sign 
1500’ before first 
advance warning sign 
B 3 and 4 2,200’ 2,200’ 
C 5 and 6 1,000’ 1,000’ 
D 7 and 8 0’ 0’ 
E 9 *-840’ *-1,680’ 
Note: *Denotes that the distance is measured in the direction of traffic from the beginning to the 
end of the transition zone.  
  
Sensors 7 and 8 were placed at the entrance of the transition zone, Sensors 5 and 6 were 
adjacent to the symbolic right lane closed sign, and Sensors 3 and 4 were place in between the 
“Lane Closed Ahead” and “Speed Limit XX” signs. Sensors 1 and 2 were placed 1,500 feet 
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before the “Road Work 1 Mile” sign, to record uninfluenced traffic behavior. Lastly, sensor 9 
was placed in the left lane immediately after the transition from two lanes to one was completed. 
3.5 Data Collection 
3.5.1 Work Intensity 
The level of work exercised at a site can have a negative impact on  the capacity of the roadway, 
and subsequently affect traffic operations of areas leading up to the transition zone (Dixon, 
Hummer and Lorscheider 1996). The reduction in capacity, due to a highly active work area, 
could potentially lead to long queues that quickly propagate backwards. A roadway uninfluenced 
by road work activity was thought to be better suited for the analyses of two merge 
configurations. Therefore this study was performed at an inactive work zone.   
3.5.2 Data Collection Period 
The study was performed throughout an eight month period in which over 600 hours of data 
were recorded at several locations within the study area. With the aid of the Louisiana 
Transportation Research Center and the Hammond District of LA-DOTD, researchers collected 
data in the north-bound lanes of I-55. Information collected during rainy periods was not used in 
the analysis as it was thought to introduce unexamined variables.  
For ten days channeling devices and signs were arranged to match the conventional 
configuration’s traffic control plans for right lane closures. The same location was used for the 
set up and analysis of the joint merge configuration, which was analyzed twice for a total of 
eighteen days. At least three weeks of normal freeway operations, where lane closures were not 
present, divided the three data collection periods. This was done to decrease the possibility of 




• Data Recording 
Data collection was undertaken using a combination of techniques based on prior research 
experience and knowledge gained from experience while completing the study. It was 
hypothesized that the efficiency of a lane closure was impacted by the total traffic volume and 
the lane positioning of vehicles as they near the transition zone. Therefore, both configurations’ 
lane specific volume and speed information were recorded in 60 minute time periods.  
• Programming Speed Groups in the MIRs 
MIRs use speed groups to record and average speeds on an hourly basis. The maximum number 
of speed groups available for use in the MIRs is fifteen. Motorists often exceeded the posted 
speed limit of 60 mph, sometimes traveling in excess of 80 mph.  The speed groups in Table 6 
were programmed into the units to capture the majority of vehicle speeds in the study site. 
Table 6: Programmed Speed Groups 
Speed Group Miles Per Hour 
1 ≤ 19 
2 20 to 24 
3 25 to 29 
4 30 to 34 
5 35 to 39 
6 40 to 44 
7 45 to 49 
8 50 to 54 
9 55 to 59 
10 60 to 64 
11 65 to 69 
12 70 to 74 
13 75 tot 79 






• Volume Classification 
Typically, volumes are classified as belonging to one of three categories low, medium or high. 
To strengthen the analysis in this study, the number of volume classes was doubled resulting in 
six volume groupings. The highest recorded flow rate was 1,672 vph, therefore, six volume 
classes were created at increments of 300 vph to give an equal and balanced qualitative 
representation of the approaching volume’s contribution to the operation of the merge 
configurations. The established volume classes are presented in Table 7.  
Table 7: Volume Classification 
Volume Class Vehicles Per Hour 
LOW Below 300 
LOW/MEDIUM 300 to 599 
MEDIUM 600 to 899 
MEDIUM/HIGH 900 to 1199 
HIGH 1200 to 1499 
VERY HIGH Above 1499 
 
3.5.3 Data Aggregation and Reduction 
The data were extracted from sensors and formatted in a spreadsheet using several ordinal steps. 
First, the data were grouped by the type of merge configuration, second by time of day, next by 
zones, then by volume classification and finally by lane orientation, right or left lane. Statistical 
comparisons between all groupings as a function of speed and volume were performed at a 95 
percent confidence level using T-test and Analysis of Variance (ANOVA) procedures. Time 
intervals that did not encompass a complete data set were removed from the analysis. 
3.6 Measures of Effectiveness 
The overall objective of the joint merge configuration was to maintain the pre-work zone traffic 
characteristics that existed before the installment of a lane closure. The introduction of a lane 
closure was thought to impede traffic operations that would otherwise have: 
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1. Relatively safe and uniform speeds unchanging as vehicles travel through roadway 
segments, and 
2. Minimal lane changes. 
These flow characteristics were used to select appropriate measures of effectiveness for the 
study, which were average speed, flow rate, and vehicle lane distribution.  
3.6.1 Speed 
The joint merge was expected to better maintain speeds in both the open and closed lane as 
vehicles pass each zone.  Therefore, the joint and conventional configuration’s average change in 
speed was compared with respect to zones, lanes and volume. The statistical tests are described 
in more detail in Chapter 4. 
3.6.2 Queue Discharge Rate 
The queue discharge rate occurs during congested periods and is the hourly flow rate of vehicles 
after capacity is exceeded. In a lane closure capacity study, Jiang (1999) concluded that the 
queue discharge rate is a better measure of efficiency than flow rates observed during 
uncongested periods.  
Congested periods begin after capacity is exceeded. A common method used in 
identifying capacity makes use of time-stamped speed data. Previous studies identified capacity 
as the flow rate just before a drastic decrease in speed followed by a sustained period of low 
vehicle speeds (Jiang 1999; Dudek and Richards 1982; Al-Kaisy, Zhou and Hall 2000). Maze et 
al. (2000) points out, current speed-flow relationship models, such as the speed-flow diagrams 
shown in the Highway Capacity Manual, depicts the maximum flow rate occurring when speeds 
decline by approximately fourteen percent. In this study, congested periods were acknowledged 
by a sharp decrease in speed of 14 percent or more. The queue discharge rate was the highest 
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observed flow rate during congested periods. All queue discharge rates were averaged and 
compared across configurations using T-test analysis. An example of one of the selected queue 
discharge rates used in the analysis is shown in Figure 24. 
 
Figure 24: Example of Speed  / Time and Volume / Time Graph Used in Selecting 
Maximum Flow Rates 
 
Figure 24 shows a line graph of a speed / time relationship (purple) and a volume / time 
relationship (red). A significant drop in speed occurs at 15:00 hours and the speed does not 
recover until 18:00 hours. Therefore, the congested period in this example was from 3:00 p.m. to 
6:00 p.m. The highest flow rate observed during the congested period was approximately 1,672 
vehicles per hour. This flow rate was later averaged with other maximum flow rates observed 
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3.6.3 Lane Distribution 
Channeling devices used in the joint merge configuration were arranged to produce a balanced 
lane volume at all zones for all volume levels. Such an occurrence was thought to result in 50 
percent of the total volume using the closed lane at every zone during both low and high volume 
periods. The percentage of vehicles observed in the closed lane of both configurations was 
calculated. Tables showing those results are in Appendix B.  
In theory, flow rate of a segment is maximized whenever a 50/50 distribution of vehicles 
between lanes exists. Past studies have found that less than five percent of motorists enter into 
the transition zone from the closed lane of a conventional merge configuration (Pigman and 
Agent 1988). Analysis of Variance and T-test statistical procedures were used to compare the 
joint and conventional merge configurations’ ability to encourage 50 percent of motorists to 
continuously travel in the closed lane. The percentages of vehicles in the closed lane of both 
configurations were analyzed by zone and volume classification.  
Several measures were used to determine the joint merge’s affect on traffic operations 
within a work zone’s advance warning area. The joint merge configuration was expected to 
better maintain pre-lane closure traffic operations than its conventional merge counterpart. The 
following chapter presents the statistical testing methods used in the comparison of the two 
configurations. Results from the statistical tests are also discussed and are used in presenting the 





CHAPTER 4. RESULTS 
This study examined the application of the joint merge configuration to an inactive freeway work 
zone, and compared it to a configuration that is traditionally used at the same location. Although 
current merging strategies have shown signs of increased efficiency for traffic operations in work 
zones (see Chapter 2), they have yet to effectively address the inadequate use of the closed lane 
in areas leading up to the transition zone. Full utilization of both the open and closed lanes have 
been found to increase flow in work zones. Therefore, the joint merge design was configured to 
achieve a balanced lane volume and encourage the use of both lanes.  
The conventional configuration for right lane closures was implemented on the Interstate-
55 freeway near Hammond, Louisiana for 10 days.  At the same site but on different days, the 
joint merge configuration was installed twice.  A total of 16 days worth of data were collected on 
the joint merge operation.  Although every effort was made to record traffic data at all zones 
during the study, information in some locations were not obtained due to the malfunctioning of 
the MIR sensors that could not be resolved by the manufacturer. 
The Statistical Package for the Social Science (SPSS) software was used for the analysis 
of the two configurations. ANOVA tests were performed at the 95 percent confidence level to 
determine if the merge configurations’ average change in speed differed in any zone or for any of 
six volume classifications. The same tests were applied to traffic traveling in the closed lane to 
determine if a difference between the two configurations existed in any zone or for any of the six 
volume classifications. If the tests confirmed that merge configurations were not equal at all 
levels, further analysis using t-test procedures were performed to specify what factors were 
different and the levels at which they differed.  
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This chapter presents the results of the field tests and statistical procedures used in the 
analysis of the joint and conventional merge configurations. Comparisons were made by speed, 
discharge flow rate and vehicle lane balance using both qualitative and quantitative measures. A 
more detailed explanation of the comparisons is discussed later. 
4.1 General Statistics 
A general description of traffic statistics for both configurations is explained below. Start times 
for the MIRs were synchronized to allow temporal correlations on flow characteristics to be 
identified and evaluated. Flow values observed during each merge configuration test is shown in 
Table 8.  










Conventional 233 149,846 1,672 15,435 
Joint 210 147,741 1,602 16,885 
Joint 2 164 115,178 1,510 16,855 
 
  Testing of the conventional configuration began on August 18, 2008 at 2:00 p.m. and 
concluded on August 28, 2008 at 7:00 p.m., lasting a total of 233 hours. Traffic statistics were 
recorded in 60 minute time periods. The total recorded volume showed 149,846 vehicles passed 
through the location with a peak volume of 1,672 vehicles on August 22, 2008 between 5:00 and 
6:00 p.m., and a minimum volume of 49 vehicles on August 25, 2008 between 2:00 and 3:00 
a.m. The Average Annual Daily Traffic (AADT) count for this study was 15,435 vehicles. 
  A full data set was obtained at Zones D and E, along with data at several locations before 
Zone D. An abbreviated version of recorded speed data at Zones D and E are shown in Table 9 
while a full description of recorded speeds in all zones and for all volume classifications is 
displayed in Appendix B. 
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Table 9: General Speed Statistics at Zones E and D 
Speed Statistics Conventional Joint Joint 2 
Zone D 
Mode mph 67 72 67 
Average Speed mph 63 69 61 
85
th
 Percentile Speed 
mph 
74 76 71 
Zone E 
Mode mph 67 67 65 
Average Speed mph 61 62 63 
85
th
 Percentile Speed 
mph 
68 70 72 
 
  At least half the vehicles were in the 65 - 70 mph range or lower.  The average speed for 
all classified vehicles in Zone E was 65 mph with 62 percent of vehicles exceeding the posted 
speed of 60 mph.  The MIRs found 81 percent of the total vehicles were in excess of 55 mph.  
The mode speed for this traffic study was 67 mph and the 85th percentile was 70 mph. 
  Less than half the vehicles, approximately 43 percent, in Zone D were traveling in the 65 
- 70 mph range or lower.  The average speed for all classified vehicles was 69 mph with 81.14 
percent vehicles exceeding the posted speed of 60 mph.  The MIRs found 91 percent of the total 
vehicles were traveling in excess of 55 mph.  The mode speed for this traffic study was 72 mph 
and the 85th percentile was 76 mph. 
 The joint merge configuration was implemented in the field twice. The first occasion 
began on September 29, 2008 at 2:00 p.m. and concluded on October 8, 2008 at 8:00 p.m., 
lasting a total of 210 hours. The total recorded volume showed 147,741 vehicles passing through 
the location with a peak volume of 1,602 vehicles on October 3, 2008 between 5:00 and 6:00 
p.m., and a minimum volume of 58 vehicles on October 5, 2008 between 2:00 and 3:00 a.m. The 
AADT count for this study was 16,885 vehicles.  
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  At least half the vehicles in Zone E were in the 65 - 70 mph range or lower.  The average 
speed for all classified vehicles was 61 mph with 39 percent of vehicles exceeding the posted 
speed of 60 mph.  The sensors found 60 percent of the total vehicles were traveling in excess of 
55 mph.  The mode speed in Zone E for this traffic study was 67 mph and the 85th percentile 
was 68 mph. 
  At least half the vehicles in Zone D were in the 65 - 70 mph range or lower.  The average 
speed for all classified vehicles was 63 mph with 57 percent of vehicles exceeding the posted 
speed of 60 mph.  The sensors found 71 percent of the total vehicles were traveling in excess of 
55 mph.  The mode speed for this traffic study was 67 mph and the 85th percentile was 74 mph. 
  The second joint merge study began on February 12, 2009 at 2:00 p.m. and concluded on 
February 19, 2009 at 10:00 a.m., lasting a total of 164 hours. Traffic statistics were recorded in 
60 minute time periods. The total recorded volume showed 115,178 vehicles passed through the 
location with a peak volume of 1,510 vehicles on February 16, 2009 between 5:00 and 6:00 p.m., 
and a minimum volume of 69 vehicles on February 16, 2009 between 2:00 and 3:00 a.m. The 
AADT count for this study was 16,855 vehicles. 
  At least half the vehicles in Zone E were in the 65 - 70 mph range or lower.  The average 
speed for all classified vehicles was 63 mph with 46 percent of vehicles exceeding the posted 
speed of 60 mph.  The sensors found 65 percent of the total vehicles were traveling in excess of 
55 mph.  The mode speed for this traffic study was 65 mph and the 85th percentile was 72 mph. 
  At least half the vehicles in Zone D were in the 65 - 70 mph range or lower.  The average 
speed for all classified vehicles was 61 mph with 49 percent vehicles exceeding the posted speed 
of 60 mph.  The sensors found 70 percent of the total vehicles were traveling in excess of 55 
mph.  The mode speed for this traffic study was 67 mph and the 85th percentile was 71 mph. 
 
4.2 Lane Distribution 
A key element in the operation of the joint merge is the lane distribution of vehicle
thought that an evenly balanced traffic stream coupled with a designated po
lead to shorter queue lengths, higher flows, and “smoother” merging events. 
The first distribution comparison was performed with respect to volume. A graph 
illustrating the relationship between percentages of vehicles in the closed lane
in both lanes was plotted for each of the three study zones (Zones A, B and D). During 
construction of the graphs, it was noticed that data points appeared to resemble a linear trend. 
Using least squares estimate procedures, lines represe
shown in Figure 25.  
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Figure 26 illustrates the results of all linear estimates for both configurations used to 
compare Zones A, B, and D. The zones were distinguished by color and the type of merge 
configuration. The solid lines represent the joint merge and the dashed lines represent the 
conventional merge. Zones A, B, and D are represented by the blue, red and green colors, 
respectively. The colors used in Figure 26 correspond to the colors used earlier in Figure 18. 
 
Figure 26: Comparison of Lane Distribution of Vehicles 
 Distinct differences between the joint merge configuration and conventional merge 
configuration are illustrated in Figure 26. However, one finding is consistent with both 
configurations. There was a negative relationship between the percentage of vehicles in the 











































were observed in the closed lane decreased. This suggests that motorists are more likely to travel 
in the open lane during high volumes. The graph in Figure 26 also provides evidence that 
opportunities to merge into the open lane were greatest when vehicle densities are low. This 
suggests during low volume periods, motorists were comfortable traveling in the closed lane 
longer before merging into the open lane. 
The trends representing the conventional merge showed that the negative relationship 
was strongest in Zone A and progressively weakened through Zone B, until Zone D where the 
slope of the curve was approximately zero. This finding suggests that volume has less of an 
effect on motorists as they near the transition. This is most likely due to lane changing behavior. 
More than 97 percent of vehicles merge into the open lane before arriving at the transition zone. 
Since the majority of motorist are found to travel in the open lane the possibility of the less-
dense closed lane being effected by volume increases is small.  
Figure 26 also shows a different trend for the joint merge configuration. A linear 
relationship was observed for the joint merge that remained relatively consistent from Zone A 
through Zone D. For instance, the linear curve representing Zone A for the joint merge closely 
parallels the curves in Zone B and Zone D. This suggests that the lane balance to volume 
relationship was the same in all zones for the joint merge configuration. Meaning the response to 
an increase in traffic was the same at Zones A. B, and D. 
Another difference between the joint and conventional merge configurations was the 
balance of vehicles in each lane.  Zone A represented traffic flow under normal driving 
conditions prior to the installation of a lane closure. As expected, the percentage of vehicles in 
the closed lane in Zone A was similar for both configurations. However, the joint merge 
produced a higher percentage of vehicles in the closed lane in Zones B and D. For example, 
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when the conventional configuration was in use, approximately 42 percent of vehicles were in 
the closed lane of Zone B for volumes of 200 vph. However, when the joint merge was used, the 
percentage of vehicles in the closed lane at Zone B increased by 33 percent. Less of a difference 
is observed at very high volumes of 1,400 vph or more. At these volumes lane balance 
differences is approximately five percentage points.  
The greatest difference occurred in Zone D during periods with volumes of 200 vph or 
less. In this instance 38 percent of vehicles occupied the closed lane of the joint merge 
configuration and only two percent in the closed lane of the conventional merge configuration. 
Similar to Zone B, the differences decreased as volumes increased with the least difference of 
twenty three percent occurring approximately at volumes of 1,600 vph. These findings suggest 
the joint merge configuration influences a more even balanced traffic stream. 
Lastly, it was found that vehicles remained in the closed lane longer when in the joint 
merge configuration. This phenomenon is illustrated in Figure 26 by the space between two 
curves. For instance, at 800 vph the difference between curves of Zones A and B for the joint 
merge configuration was approximately eight percent. At the same volume the difference 
between the curves of Zones A and B for the conventional merge configuration was 
approximately 18 percent. This suggests more lane changes occurred between Zones A and B 
and Zones B and D with the conventional merge strategy. The average percentage of vehicles 
recorded in the closed lanes of Zones A, B, and D are displayed in Table 10. 
 Statistical testing using ANOVA and t-test procedures were conducted to quantitatively 
assess the finding of the graphical comparisons. Specifically, the statistical tests were used to 




Table 10: Percentage of Vehicles Traveling in the Closed Lane 
 Type Number of Cases Mean Std. Deviation 
Zone A 
Joint 29 55 6.89 
Conventional 234 58 8.06 
Zone B 
Joint 374 48 7.76 
Conventional 234 38 5.86 
Zone D 
Joint 374 34 9.69 
Conventional 234 2 1.23 
 
The hypothesis that joint and conventional merge configurations influenced the same 
percentage of traffic to travel in the closed lane was tested using ANOVA. This was 
accomplished by examining the interaction between several variables thought to effect the 
operation of a merge configuration. Variables Type, Vclass, and Zone were used in ANOVA 
tests, where Type was defined as the merge configuration (joint and conventional); Vclass was 
the volume classification (Low, Low/Medium, Medium, Medium/High, High, and Very High); 
and Zone was the location within the study site (Zone A, Zone B, and Zone D). The interaction 
test between Type and Zone was performed to conclude whether the percentage of traffic 
recorded in the closed lane of Zones A, B and D were the same for both configurations. The 
interaction test between Type and Vclass gauged if the percentage of traffic recorded in the 
closed lane during high and low volume periods were the same for both configurations. The 
results of this test are shown in Table 11.    
Since all tests were performed at a 95 percent confidence level, percent values (p-values) 
smaller than 0.05 suggested the hypothesis should be rejected and that a difference existed 
between the two merge configurations. All ANOVA test resulted in highly significant p-values 
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that were less than 0.05. This finding suggests that a significant difference existed between 
vehicle lane balance in the joint and conventional merge configurations within at least one of the 
three zones. Likewise, the ANOVA tests shown in Table 11 also revealed that lane balance for 
both configurations was significantly different for at least one of the six volume classifications.  
Table 11: Tests of Between-Subjects Effects for Percentage of Vehicles in Closed Lane 
Source Type III Sum of 
Squares 
Df Mean Square F P-value 
Model 2.559E6 36 71093.689 2130.663 .000 
Zone * Type 178112.255 4 44528.064 1334.497 .000 
Vclass * Type 12758.236 10 1275.824 38.236 .000 
Zone * Vclass * Type 8113.479 20 405.674 12.158 .000 
Error 48148.481 1443 33.367 
  
Total 2607521.301 1479 
   
*Note Type = type of merge configuration, Zone = zonal location, Vclass=demand volume classification 
Findings from the ANOVA analysis prompted the execution of a series of t-tests. 
Vehicles recorded in the closed lane of both configurations differed in at least one of three zones. 
T-tests were executed at the 95 percent confidence level to determine which zone was 
significantly different. Table 12 shows the results of the tests. Numbers in bold indicate that a 
statistically significant difference was found. The percentage of vehicles traveling in the closed 
lane of the joint merge configuration was found to be significantly different at all Zones except 
Zone A. This was expected since Zone A represented normal traffic operations. On average, the 
joint merge had a higher percentage of vehicles traveling in the closed lane at Zones B and D. 
These findings were consistent at all volume classification levels. Results from the analyses 
suggest the joint merge configuration better encouraged the use of the closed lane from the 
beginning to end of the advance warning area during low and high volume periods.  
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63 60 55 51 48 49 
Conv. 
66 59 56 51 48 44 
B 
Joint 
55 50 47 46 40 37 
Conv. 
40 39 40 37 32 29 
D 
Joint 
42 33 29 35 32 34 
Conv. 
2 2 2 2 2 2 
*Note: Bold numbers indicate a significant difference at the 95 percent confidence level between the two 
configurations 
 
4.3 Speed Analysis 
The next operational factor examined was speed, which was analyzed by lane, zone and volume. 
Speed changes between zones were calculated in percentages. For example, if vehicles traveled 
at speeds of 80 mph in Zone A and dropped to 50 mph in Zone D, the change in speed was -38 
percent. Speed changes in the open and closed lanes were analyzed separately, since the closed 
lane was expected to operate more efficiently than the open lane for a given configuration. 
4.3.1 Closed Lane 
As mentioned earlier, the size of the data set for each configuration was limited by occasional 
sensor failures. Zones A and C in the closed lane were missing for both merge configurations. 
Therefore, the closed lane’s speed change was calculated using speeds recorded in Zones B, D 
and E. The analysis was used to test the hypothesis that speed changes between zones for all 
volume classifications were the same for both configurations. Changes in speed in the closed 
lane were analyzed from Zones B to D and from Zones D to E. Using change-in-speed data, 
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ANOVA tests were performed on the interactions of the Type / Vclass factors and the Type / 
Zone factors.  
Results from the ANOVA test on the closed lane are shown in Table 13. All interaction 
tests were highly significant, suggesting that speed changes were different as motorists traveled 
from either Zones B through D or from Zones D to E for the two configurations. The results also 
revealed the percent change-in-speed for the joint and conventional configurations were different 
for at least one of the six volume classifications.  
Table 13: Tests of Between-Subjects Effects for Percent Change in Speed in the Closed 
Lane 
 
Source Type III Sum of 
Squares 
df Mean Square F P-value 
Model 168519.857
a
 24 7021.661 26.649 .000 
Type * Vclass 104136.373 10 10413.637 39.523 .000 
Type * Zone 17423.208 2 8711.604 33.063 .000 
Type * Vclass * Zone 8011.010 10 801.101 3.040 .001 
Error 298526.428 1133 263.483 
  
Total 467046.285 1157 
   
*Note: Type = type of merge configuration, Zone = zonal location, Vclass= Volume 
classification 
 
T-tests were executed at the 95 percent confidence level to identify the zone(s) where the 
change in speed was significantly different for both configurations. Results of the speed analysis 
on the closed lane are displayed in Table 14. Numbers in bold indicated that a statistically 
significant difference existed between the two configurations. During low volume periods, 
speeds decreased at a significantly slower rate from Zones B to D in the closed lane of a joint 
merge configuration. However, at volumes greater than 900 vph, the joint and conventional 
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merge configurations appear to operate the same since the percent change in speed values were 
not found to be significantly different. This suggests that the closed lane from Zones B through 
D of the conventional merge is less efficient during low volume periods, but operates as well as 
the joint merge configuration when traffic is dense.  
The transition zone received vehicles from both the open and closed lanes. The change in 
speed from Zones D to E was a measure of the transition zone’s efficiency. Shown in Table 14 is 
the percent speed change from the closed lane in Zone D to the end of the transition, Zone E. The 
results from the speed change analysis indicate that the joint and conventional configurations are 
affected differently by high volume conditions. Motorists entering the transition zone from the 
closed lane during low volume periods increased speeds at a significantly higher rate when the 
conventional merge configuration was used. This phenomenon was reversed during high volume 
periods where speeds increased at a slower rate for the conventional configuration. 
















Joint -6 % -6 % -7 % -8 % 4 % 62 % 
Conv -15 % -9 % -9 % -9 % -7 % 11 % 
D-E 
Joint 4 % 2 % 2 % 4 % 27 % 59 %  
Conv 9 % 6 % 4 % 4 % 3 % 11 % 
*Note: Bold numbers indicate a significant difference at the 95 percent confidence level between the two 
configurations 
 
4.3.2 Open Lane 
Statistical test used to analyze the speed changes in the closed lane were also performed for the 
open lane analysis. Information was missing from the open lane in Zones B and C. Therefore, 
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speed changes in the open lane were calculated using speeds captured at Zones A, D, and E. 
Speeds in the open lane were analyzed from Zones A to D and From Zone D to E.  
ANOVA test on the open lane, shown in Table 15, suggests that observed speed changes 
from either Zones A to D or from Zone D to E were different for the two configurations. The 
table also shows that the interaction between factors Type and Vclass was not significant. 
Meaning, there was not a significant difference between the percent change in speed for the joint 
and conventional configurations that existed for volumes classified as Low, Low/Medium, 
Medium, Medium/High, High, or Very High. This suggests that the volume alone did not affect 
traffic operations in the open lane for either configuration. 
Table 15: Tests of Between-Subjects Effects for Percent Change in Speed in the  
Open Lane 
Source Type III Sum of 
Squares 
df Mean Square F Sig. 
Model 83880.405
a
 24 3495.017 50.500 .000 
Type * Vclass 1060.760 10 106.076 1.533 .123 
Type * Zone 25755.930 2 12877.965 186.077 .000 
Type * Vclass * Zone 13304.278 10 1330.428 19.224 .000 
Error 51559.646 745 69.208 
  
Total 135440.051 769 
   
   
Results of the speed analysis on the open lane are displayed in Table 16. The joint and 
conventional configurations operated differently in the open lane when volumes were low. 
Motorists traveling from Zones A to D experienced a greater decrease in speed when using the 
open lane of the joint merge configuration at low volumes. Volumes of 900 vph or more were 
found to produce the same travel behavior between Zones A and D. The percent changes-in-
speed were not statistically different during these high volume periods. These findings suggest 
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that travel was more efficient in the open lanes when using the conventional merge and when 
traffic was not dense; however, neither configuration was more efficient than the other when 
volume conditions were high. 
Similar to the findings from the closed lane of Zones D through E, the open lane’s speed-
change analysis indicated that the joint and conventional configurations are affected differently 
by low volume conditions. For example, at volumes less than 300 vph, the joint configuration 
had a 16 percent decrease in speed, whereas the conventional configuration had only a nine 
percent decrease in speed. This suggests that the open lane for the conventional merge 
configuration was more effective at maintaining speeds during low volume periods. However, 
during high volume periods the joint and conventional merge configurations operated similarly. 
Although the change-in-speed values in Table 16 were different for very high volumes above 
1500 vph, there was not a statistical difference between Zones D and E for both configurations. 
This suggests that vehicles entering and exiting the transition zone from the open lane changed 
speeds in an identical fashion for both configurations. The statistical tests also imply that 
motorist better maintained speeds as they traveled from Zones A through D in the open lane of a 
conventional configuration. 
















Joint -16 % -20 % -18 % -20 % -29 % -72 % 
Conv -9 % -11% -11 % -13 % -17 % -24 % 
D-E 
Joint -7 % -7 % -6 % -5 % 6 % 45 % 
Conv -4 % -5 % -6 % -5 % -6 % 13 % 
*Note: Bold numbers indicate a significant difference at the 95 percent confidence level between 




4.4 Discharge Flow Rate Analysis 
The discharge flow rate was captured at the end of the transition zone in Zone E. As defined 
earlier, discharge flow rate was the average of the highest observed flow rates during congested 
periods. A breakdown of all discharge flow rates used in the analysis is shown in Table 17. 
Table 17: Discharge Flow Rates  
Congested Period Joint Conventional 
1 1525 1361 
2 1529 1570 
3 1527 1672 
4 1602  
5 1425  
6 1461  
7 1508  
8 1509  
AVERAGE 1511 1534 
 
T-test procedures were used to determine if any differences existed between the discharge 
rates of the two merge configurations. The p-value shown in Table 18 was greater than the 
rejection value 0.05. Therefore the hypothesis that discharge flow rates were the same for both 
configurations appears to be true. Although the conventional merge, on average, produced a 
slightly higher discharge rate of 1,534 vph, it was not statistically different from the average 
discharge rate of 1,511 vph produced by the joint merge configuration. 
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Table 18: Joint and Conventional Merge Comparison Test for Discharge Flow Rates 






Zone E -.397 9 .700 -23.58333 
 
Table 19 outlines the major findings discussed in chapter four. The following chapter 
provides inference on what these findings mean and present recommendations based on future 
applications of the joint merge in the field. 
Table 19: Summary of Major Findings 
Description of Findings Joint Conventional 
At least 30 percent of vehicles occupied the closed lane 
during high and low volume periods    
Slightly higher speeds were recorded at all zones.   
During low volume periods speeds were better maintained 
as motorists traveled from Zones A to D in the open lane.   
During low volume periods speeds were better maintained 
as motorists traveled from Zones B to D in the closed lane.   
During congested periods, vehicles entered the transition 
zone at speeds less than 35 mph.   
Reduced the number of lane changes.   
Relatively even balance of vehicles in both lanes.   
Opportunities to merge are greatest when vehicle densities 
are low   
More than 97 percent of vehicles merge into the open lane 
before arriving at the transition zone   







CHAPTER 5. CONCLUSIONS / RECOMMENDATIONS 
The lane closure configuration detailed in the MUTCD is the current recommended traffic 
control plan used for work zones. Among its goals is to transition vehicles away from the lane or 
shoulder occupied by construction to an adjacent lane free of obstructions. It has been theorized, 
however, that such maneuvers can be unsafe and inefficient particularly during high volume 
periods Over the past decade or so, several alternative methods have been suggested, developed 
and tested to enhance the safety and efficiency of lane closures in work zones and deal with 
operational problems such as delay, congestion, and aggressive driving. However, improvements 
to the geometric layout of transition zones have not been considered. In this research project, a 
new traffic control plan referred to as the joint merge was developed specifically to enhance flow 
characteristics within the transition zone. 
5.1 Joint Merge Development 
The joint merge promotes an even balance of vehicles in lanes leading into the transition zone. It 
is theorized that by maintaining a more even balance, the number of lane changes within this 
transition zone would decrease.  In the joint merge, this action is accomplished through the 
incorporation of several design features. 
The most important feature of the joint merge design is its use of a two-sided taper.   In it, 
motorists approaching the transition zone are simultaneously tapered into a single middle lane 
that straddles the roadway centerline. With neither lane having a priority, drivers are influenced 
to merge in a more natural and efficient alternating pattern. As vehicles approach the beginning 
of the taper the two lanes visually merge into one, forming a virtual lane in the middle of the 
roadway. As they approach the work zone, vehicles are then shifted to the right or left lane 
depending on the location of work. 
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5.1.1 Evaluation of the Joint Merge 
As part of this research, the conventional merge configuration specified in the MUTCD and the 
joint merge configurations were evaluated at the same site for approximately ten days and 
eighteen days respectively. The test site was located on a segment of the I-55 freeway near 
Hammond, Louisiana. Lane specific speed and volume information were collected at several 
established zones using magnetic vehicle imaging recorders affixed to the pavement surface. The 
data parameters that were recorded of the study site included volume, average speed, flow rate, 
and lane.   
5.2 Findings from the Evaluation 
5.2.1 Speed 
As anticipated, travel speeds varied by configuration and by lane volume. The conventional 
merge was concluded to be more effective at maintaining speeds in the open lane and less 
effective at maintaining speeds in the closed lane as vehicles approached the transition zone. 
Although the finding was not statistically different, the joint merge had a higher average increase 
in speed of approximately 10 mph for vehicles traveling through the transition zone (i.e. from 
Zones D to E). This finding may be somewhat misleading since speeds at the entrance of the 
transition zone were low, approximately 30 mph, for the joint merge configuration when 
volumes were high. These low speeds suggest that motorists were cautious as they approached 
the transition zone. This type of behavior is attributed to unfamiliarity of the joint merge concept 
and the lack of an established right of way.  
5.2.2 Flow Rate 
The comparative analyses of flow rates were inconclusive. The highest flow rates observed at the 
outflow point of the transition zone for the conventional and joint merge were 1,672 vphpl and 
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1,602 vphpl, respectively. The joint merge produced an average discharge rate of 1,511 vphpl 
while the conventional merge produced an average discharge rate of 1,534 vph. This difference 
was not found to be significant. 
5.2.3 Vehicle Lane Distribution 
In Chapter 4, Figure 26 showed the relationship between total volume and the percentage of 
vehicles in the closed lane. The percentages for Zone A suggest that under normal driving 
conditions, drivers were more likely to change lanes to overtake slower moving vehicles. 
However, this behavior was less pronounced as vehicles approached the transition zone under the 
conventional MUTCD configuration. The percentage of vehicles using the closed lane during 
low volume periods did not differ significantly from the percentage of vehicles using the closed 
lane during high volume periods. Thus, it may be concluded that volume had a minimal effect on 
vehicles in the closed lane of a conventional traffic control plan.  
Drivers also appear more likely to merge into the open lane as they approach a 
conventional merge configuration transition zone. In this study, the majority of motorists merge 
into the open lane, before reaching Zone B, approximately 2,200 feet before the transition from 
two to one lane began.  This was thought to be related to the signage used in the advance 
warning area also giving evidence that drivers were in compliance with the signs and merged 
into the open lane during both low and high volume periods. Merging early during congested 
periods presents the undesirable situation of one lane being over utilized and the other being 
underutilized. Such conditions have been linked to the problems of long queues, aggressive 
driving and delays at work zone entrances.  
Similar to a conventional merge, vehicles traveling in the closed lane of the joint 
configuration appeared to be negatively affected by volume. Unlike the conventional merge, the 
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study results suggest that this relationship remained relatively unchanged as vehicles approached 
the transition zone. The rate at which the vehicle percentages changed in the closed lane at Zone 
A was found to be proportional to the change observed in Zones B and D.  Combined, this 
suggests that the lane use behavior observed during the joint merge operation was very similar to 
lane use behavior during normal freeway operations. This consistency also may suggest that the 
joint merge configuration actually creates an environment of minimal lane changes. Since neither 
lane has a clear advantage over the other, it would be reasonable to expect lane use to remain 
consistent until the transition zone, creating a more balanced distribution. Under these conditions 
it may be possible to achieve a condition in which drivers would share merging responsibility 
until reaching the designated merging location. This lessening could also have the benefit of the 
disruptive effects of aggressive driving, which is defined by the National Highway Traffic Safety 
Administration (NHSTA) as “a progression of unlawful driving acts such as: speeding, improper 
or excessive lane changing, and improper passing (National Highway Traffic Safety 
Administration 1998).” 
On average, 43 percent of vehicles entering the transition zone traveled in the closed lane 
of the joint merge configuration compared to only 18 percent in the closed lane of the 
conventional merge. This disparity in lane balance provides evidence that the more evenly 
balanced joint merge configuration influenced fewer lane changes within and between zones. 
This suggests that aggressive driving decreased and motorists were comfortable driving through 
the joint merge traffic control configuration. 
5.3 Practical Application of the Joint Merge  
While it is not possible to confidently conclude that the joint merge strategy was more beneficial 
than other unconventional strategies, there were subtle differences between the two 
77 
 
configurations in this study that suggest if applied under the right circumstances, the joint merge 
may outperform others. For instance, on-ramps near a transition zone entrance is problematic for 
the conventional and early merge configurations since motorist positioning themselves for a right 
or left merge are in conflict with vehicles merging from the on-ramps.  Lane priority is not 
established for the joint merge configuration and therefore the potential conflict with vehicles 
merging from the on ramp is minimized. The joint merge may also be applied in anticipation of 
large volumes of traffic where full utilization of both lanes leading into the work zone is desired.  
Pesti et al. (1999) reported increases in the percentage of vehicles using the closed lane when 
implementing the late merge strategy, but also concluded that the overall benefit of the late 
merge remains to be seen since motorists tended not to stay in the closed lane until the merge 
point as instructed. This non compliancy has been thought to be attributed to the physical layout 
of the traffic control devices used in the late merge strategy. By contrast, the joint merge 
configuration developed here encouraged drivers to use both lanes until reaching the transition 
entrance. 
Although the dynamic late merge strategy were suggested in some studies to function 
effectively in both low and high volume traffic streams, the set up and maintenance cost in 
comparison to the joint merge is substantial. The dynamic late merge encompasses vehicle 
sensors that activate and deactivate beacon lights. The lights are attached to signs that inform 
drivers when to switch from the late merge strategy to the conventional merge strategy. This 
change can be very abrupt during high volume periods and is dependent on technology that has 
at times failed, raising some safety concerns. Although this is the first study of its kind, the joint 
merge has also shown the potential to be effective at low and high volumes by better maintaining 
speeds in the closed lane and creating a more equal distribution of vehicles by lane. Additionally, 
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the joint merge has less set up and maintenance costs than the dynamic late merge even though it 
requires twice as many arrow boards and channeling devices. This suggests that the joint merge 
strategy can be a cost effective alternative while achieving similar levels of benefit. 
5.4 Concerns with the Joint Merge 
One major concern with the joint merge strategy appears to have been reduced in this study. That 
is, priority must be assigned to a lane; otherwise, drivers will become confused and crashes may 
occur. While a full safety analysis is still underway, there were no reported crashes that were a 
direct result of the joint merge configuration during the study periods. A review of video 
recordings made during some periods of operation revealed that drivers approaching the 
transition entrance tended to situate themselves so that orderly merges occurred. In many 
instances the movements of the leading vehicle in a platoon was mimicked by following 
vehicles. As a result, the location at which vehicles began to merge varied from platoon to 
platoon. Empirical observation suggested that, on average, merging started after the experimental 
sign 1,000 feet in advance of the transition zone and was completed shortly after the taper began 
within a distance of approximately 400 feet. Many truck drivers tended to complete the merge 
and travel in the middle of two lanes before entering the transition zone. However, it was more 
common to observe passenger cars merging later.  
Overall, the intended purpose of the joint merge appeared to be accepted and understood 
by the vast majority of motorists traveling through the area. The precise length required to 
complete a joint merge will require further research since most drivers appeared to complete the 
merge before reaching the halfway point of the transition zone. Thus, a shorter taper may or may 
not increase the effectiveness of the joint merge.  
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5.5 Unexpected Findings 
During the analyses it was observed that data from some vehicles were not recorded by the 
Magnetic Imaging Recorders (MIRs) in either lane at Zone D.  This suggests that vehicles 
occasionally traveled between the fields of both MIRs. This condition may have also meant that 
some vehicles may have completed the merge before entering the transition zone of the joint 
merge configuration. This is not ideal since the joint merge was designed to encourage drivers to 
use both lanes until reaching the taper and begin merging within the transition zone.  
It was also observed that vehicles undetected by MIRs increased with volume, suggesting 
that during high volume periods drivers may have been more likely to begin merging before 
reaching the transition zone. This may have also been due to unfamiliarity of the joint merge 
concept and motorists not knowing where to begin merging after passing the experimental sign.  
Another unexpected observation of the joint merge configuration occurred when a 
substantial drop in speed (approximately 25 miles per hour) was observed in Zone B. The drop in 
speed appeared to occur near the “Both Lanes Merge” sign in Zone B and when flow conditions 
changed from uncongested to a congested state. This is most likely due to the unfamiliarity with 
the joint merge concept. Since this was the first study of its kind examined in U.S. work zones, 
drivers seemed to have taken a more cautious approach to merging with other vehicles. Although 
seemingly intuitive to most, the potential confusion caused by the desired movement may have 
resulted in some drivers decreasing speeds. The drop in speed of one vehicle is thought to have 
transferred to trailing vehicles, which may have attributed to a significant drop in speed near the 




The results of this research did not show a significant difference in the discharge rate as vehicles 
traveled up to and through the transition zone. The modification of a few elements such as 
repetitive signage in the traffic control plan of the joint merge may yield more definitive results. 
It is expected that improved traffic behavior and efficiency would result from rewording the 
“Both Lanes Merge” sign to read “Stay in Your Lane.” This may encourage drivers to stay in one 
lane to create an orderly flow of traffic and decrease the weaving that was sometimes observed in 
the video recordings and may have resulted from driver confusion.  
It is suggested that a descriptive sign legend be attached to the experimental joint merge 
sign shown in Figure 9: Experimental Merge Sign (Source: Feldblum et al., 2005). By specifying 
the merging distance with wording such as “Ahead” or “1,000 ft” placed underneath the 
experimental sign shown, drivers may be encouraged to continue in their lane until reaching the 
transition zone. This modification to the sign is recommended for future joint merge 
applications. 
Communication/public information efforts of the joint merge and its associated desired 
movement were not messaged through any media. To maximize the efficiency of the joint merge 
configuration, it is suggested that the joint merge concept be more widely communicated to 
potential facility users.  
5.7 Closing Remarks 
When compared to the conventional merge configuration the joint merge was hypothesized to 
produce a more even balance of vehicles in each lane. Equally distributing vehicles by lane was 
expected to encourage motorist to travel in their respective lane until reaching the transition zone 
entrance and subsequently create a natural alternating merging pattern. Although an even 
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distribution did occur during the joint merge test, it was not maintained as volume increased. 
However, the distribution of vehicles at all volume levels was found to be more evenly balanced 
when using the joint merge configuration and is thought to have influenced fewer lane changes.  
An even balance of vehicles was also hypothesized to increase flow in both lanes, thereby 
establish a more efficient lane closure design. Overall, the joint merge improved the efficiency of 
the closed lane by better maintaining speeds in the closed lane during high and low volume 
periods. This increased efficiency of the closed lane created a denser traffic environment near the 
transition zone entrance and resulted in a less efficient open lane. The conventional merge better 
maintained speeds as motorists traveled in the open lane.  Combining the positive effects of the 
joint merge configuration on the closed lane with its negative effect on the open lane, it was 
found that the overall operation of the joint configuration, with regards to flow rate, was similar 
to the operation of the convention configuration. 
While no conclusive findings could be made relative to its effect on capacity, the video 
recordings and lane usage data suggest that the joint merge strategy was understood and well 
received by most drivers. This would be suggestive of effective design. This sentiment is echoed 
in discussions with potential and past joint merge facility users. Although a formal questionnaire 
survey was not administered to drivers, comments from a motorist who traveled through the 
study site when the joint merge was installed were sent to researchers. Those remarks are shown 
in Appendix D. 
 The joint merge traffic control plan is suited for use in work zones with two-to-one lane 
closures as it has demonstrated the ability to decrease the number of lane changes, decrease 
aggressive maneuvers and maintain orderly traffic behavior in advance of the work zone. More 
research regarding the supplemental wording to the experimental sign and the recommended 
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changes to the joint merge traffic control plan is also suggested.  It is thought that these changes 
could result in a better understanding of the joint merge concept and, ultimately, a safer and 
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APPENDIX B: DATA RECORDED FROM THE TEST SITE 
Between-Subjects Factors 
  N 
Zone ZONE A 263 
ZONE B 603 
ZONE C 56 
ZONE D 601 





VERY HIGH 44 
Type CONV 758 
JOINT 765 
Descriptive Statistics 
Dependent Variable:Percent_in_Closed_Lane  
Zone Volume_Class Type Mean Std. Deviation N 
ZONE A LOW CONV 66.2877 6.80580 73 
JOINT 63.7143 5.61885 7 
Total 66.0625 6.71922 80 
LOW/MED CONV 59.3611 4.16209 36 
JOINT 59.7500 3.50000 4 
Total 59.4000 4.06233 40 
MED CONV 56.4561 2.90978 57 
JOINT 54.6000 2.07364 5 
Total 56.3065 2.88347 62 
MED/HIGH CONV 51.9512 3.46375 41 
JOINT 50.6667 1.03280 6 
89 
 
Total 51.7872 3.27664 47 
HIGH CONV 47.5000 2.40535 22 
JOINT 48.1667 2.48328 6 
Total 47.6429 2.39156 28 
VERY HIGH CONV 44.4000 3.20936 5 
JOINT 49.0000 . 1 
Total 45.1667 3.43026 6 
Total CONV 58.0812 8.05652 234 
JOINT 55.1724 6.89238 29 
Total 57.7605 7.97704 263 
ZONE B LOW CONV 40.6986 6.44353 73 
JOINT 54.8868 6.83732 106 
Total 49.1006 9.65710 179 
LOW/MED CONV 38.3889 4.44829 36 
JOINT 49.9180 4.89658 61 
Total 45.6392 7.31748 97 
MED CONV 39.7544 4.64174 57 
JOINT 47.1852 5.34145 54 
Total 43.3694 6.21571 111 
MED/HIGH CONV 36.8049 4.31404 41 
JOINT 45.6437 4.02601 87 
Total 42.8125 5.82926 128 
HIGH CONV 32.0909 4.80980 22 
JOINT 40.1702 6.48516 47 
Total 37.5942 7.06965 69 
VERY HIGH CONV 29.4000 1.81659 5 
JOINT 36.9286 5.75746 14 
Total 34.9474 6.02286 19 
Total CONV 38.3803 5.86221 234 
JOINT 48.2033 7.72696 369 
Total 44.3914 8.52937 603 
90 
 
ZONE C LOW CONV 17.2143 9.00580 14 
Total 17.2143 9.00580 14 
LOW/MED CONV 12.5556 4.18662 9 
Total 12.5556 4.18662 9 
MED CONV 13.3846 2.25605 13 
Total 13.3846 2.25605 13 
MED/HIGH CONV 11.3333 2.96444 12 
Total 11.3333 2.96444 12 
HIGH CONV 11.2500 2.37547 8 
Total 11.2500 2.37547 8 
Total CONV 13.4643 5.54310 56 
Total 13.4643 5.54310 56 
ZONE D LOW CONV 2.4384 1.29085 73 
JOINT 41.6606 6.86944 109 
Total 25.9286 20.01023 182 
LOW/MED CONV 1.8333 .81064 36 
JOINT 33.2333 5.31186 60 
Total 21.4583 15.85189 96 
MED CONV 2.1404 1.50521 57 
JOINT 29.0000 8.21706 51 
Total 14.8241 14.63629 108 
MED/HIGH CONV 1.9268 .98464 41 
JOINT 28.8023 8.21021 86 
Total 20.1260 14.31560 127 
HIGH CONV 1.5455 .85786 22 
JOINT 32.2553 12.81892 47 
Total 22.4638 17.86681 69 
VERY HIGH CONV 2.4000 1.67332 5 
JOINT 33.7753 8.52832 14 
Total 25.5186 15.95739 19 
Total CONV 2.0983 1.23389 234 
JOINT 34.0051 9.71524 367 
91 
 
Total 21.5821 17.33829 601 
Total LOW CONV 35.3176 26.51728 233 
JOINT 48.6712 9.80142 222 
Total 41.8330 21.23071 455 
LOW/MED CONV 31.6068 23.85804 117 
JOINT 42.2240 10.17180 125 
Total 37.0909 18.85410 242 
MED CONV 31.4130 22.74239 184 
JOINT 39.0909 11.66784 110 
Total 34.2857 19.68593 294 
MED/HIGH CONV 28.5481 21.02299 135 
JOINT 37.7207 10.71490 179 
Total 33.7771 16.58884 314 
HIGH CONV 25.3378 19.05743 74 
JOINT 36.9300 10.91867 100 
Total 32.0000 15.95333 174 
VERY HIGH CONV 25.4000 18.11787 15 
JOINT 35.8226 7.62022 29 
Total 32.2694 13.02542 44 
Total CONV 31.4208 23.61298 758 
JOINT 41.6560 11.46621 765 
Total 36.5620 19.22300 1523 
 
Descriptive Statistics 
Dependent Variable:Speed     
Zone Type V_Class Lane Mean Speed Std. Deviation N 
ZONE 
A 
CONV LOW OPEN 79.0444 1.95350 45 
CLOSED 74.7429 1.69129 70 
Total 76.4261 2.76590 115 
LOW/MED OPEN 80.6923 1.12318 26 
CLOSED 74.7576 1.56186 33 
92 
 
Total 77.3729 3.27424 59 
MED OPEN 81.0000 1.19523 43 
CLOSED 75.2281 1.51207 57 
Total 77.7100 3.18549 100 
MED/HIGH OPEN 80.4333 1.38174 30 
CLOSED 74.5676 1.60798 37 
Total 77.1940 3.29940 67 
HIGH OPEN 79.0000 4.40280 14 
CLOSED 73.5000 3.41913 22 
Total 75.6389 4.64852 36 
VERY HIG OPEN 53.0000 22.60531 3 
CLOSED 60.0000 20.12461 5 
Total 57.3750 19.76243 8 
Total OPEN 79.6025 4.91589 161 
CLOSED 74.3884 3.94424 224 
Total 76.5688 5.07302 385 
Total LOW OPEN 79.0444 1.95350 45 
CLOSED 74.7429 1.69129 70 
Total 76.4261 2.76590 115 
LOW/MED OPEN 80.6923 1.12318 26 
CLOSED 74.7576 1.56186 33 
Total 77.3729 3.27424 59 
MED OPEN 81.0000 1.19523 43 
CLOSED 75.2281 1.51207 57 
Total 77.7100 3.18549 100 
MED/HIGH OPEN 80.4333 1.38174 30 
CLOSED 74.5676 1.60798 37 
Total 77.1940 3.29940 67 
HIGH OPEN 79.0000 4.40280 14 
CLOSED 73.5000 3.41913 22 
93 
 
Total 75.6389 4.64852 36 
VERY HIG OPEN 53.0000 22.60531 3 
CLOSED 60.0000 20.12461 5 
Total 57.3750 19.76243 8 
Total OPEN 79.6025 4.91589 161 
CLOSED 74.3884 3.94424 224 
Total 76.5688 5.07302 385 
ZONE 
B 
CONV LOW CLOSED 71.5694 1.76688 72 
Total 71.5694 1.76688 72 
LOW/MED CLOSED 71.6389 1.53349 36 
Total 71.6389 1.53349 36 
MED CLOSED 71.8214 1.53868 56 
Total 71.8214 1.53868 56 
MED/HIGH CLOSED 70.3784 7.10771 37 
Total 70.3784 7.10771 37 
HIGH CLOSED 67.5556 11.72841 18 
Total 67.5556 11.72841 18 
VERY HIG CLOSED 53.6000 26.36854 5 
Total 53.6000 26.36854 5 
Total CLOSED 70.7232 6.41356 224 
Total 70.7232 6.41356 224 
JOINT LOW CLOSED 67.6147 2.18542 109 
Total 67.6147 2.18542 109 
LOW/MED CLOSED 67.8254 2.21097 63 
Total 67.8254 2.21097 63 
MED CLOSED 68.2000 2.57049 55 
Total 68.2000 2.57049 55 
MED/HIGH CLOSED 67.9195 3.43450 87 
Total 67.9195 3.43450 87 
HIGH OPEN 46.0000 . 1 
CLOSED 54.3191 20.04680 47 
94 
 
Total 54.1458 19.86871 48 
VERY HIG CLOSED 27.7500 20.85938 12 
Total 27.7500 20.85938 12 
Total OPEN 46.0000 . 1 
CLOSED 64.8499 11.59574 373 
Total 64.7995 11.62114 374 
Total LOW CLOSED 69.1878 2.80437 181 
Total 69.1878 2.80437 181 
LOW/MED CLOSED 69.2121 2.70778 99 
Total 69.2121 2.70778 99 
MED CLOSED 70.0270 2.78130 111 
Total 70.0270 2.78130 111 
MED/HIGH CLOSED 68.6532 4.93048 124 
Total 68.6532 4.93048 124 
HIGH OPEN 46.0000 . 1 
CLOSED 57.9846 19.00040 65 
Total 57.8030 18.91131 66 
VERY HIG CLOSED 35.3529 24.90718 17 
Total 35.3529 24.90718 17 
Total OPEN 46.0000 . 1 
CLOSED 67.0536 10.36420 597 
Total 67.0184 10.39124 598 
ZONE 
C 
CONV LOW CLOSED 64.7857 18.78698 14 
Total 64.7857 18.78698 14 
LOW/MED OPEN 70.0000 . 1 
CLOSED 69.5000 2.20389 8 
Total 69.5556 2.06828 9 
MED CLOSED 69.8462 1.72463 13 
Total 69.8462 1.72463 13 
MED/HIGH CLOSED 68.0909 4.30011 11 
Total 68.0909 4.30011 11 
HIGH CLOSED 62.8333 13.37784 6 
95 
 
Total 62.8333 13.37784 6 
Total OPEN 70.0000 . 1 
CLOSED 67.2500 10.91478 52 
Total 67.3019 10.81592 53 
Total LOW CLOSED 64.7857 18.78698 14 
Total 64.7857 18.78698 14 
LOW/MED OPEN 70.0000 . 1 
CLOSED 69.5000 2.20389 8 
Total 69.5556 2.06828 9 
MED CLOSED 69.8462 1.72463 13 
Total 69.8462 1.72463 13 
MED/HIGH CLOSED 68.0909 4.30011 11 
Total 68.0909 4.30011 11 
HIGH CLOSED 62.8333 13.37784 6 
Total 62.8333 13.37784 6 
Total OPEN 70.0000 . 1 
CLOSED 67.2500 10.91478 52 
Total 67.3019 10.81592 53 
ZONE 
D 
CONV LOW OPEN 72.1644 1.26945 73 
CLOSED 63.6286 14.84917 70 
Total 67.9860 11.23813 143 
LOW/MED OPEN 72.2424 1.11888 33 
CLOSED 65.3611 5.37801 36 
Total 68.6522 5.24075 69 
MED OPEN 72.0556 1.58313 54 
CLOSED 65.8393 4.79688 56 
Total 68.8909 4.75133 110 
MED/HIGH OPEN 70.8250 7.46234 40 
CLOSED 64.0312 7.44218 32 
Total 67.8056 8.14419 72 
HIGH OPEN 66.9545 11.32413 22 
CLOSED 62.5000 9.86456 22 
96 
 
Total 64.7273 10.73435 44 
VERY HIG OPEN 53.4000 23.37306 5 
CLOSED 52.8000 16.16168 5 
Total 53.1000 18.94700 10 
Total OPEN 70.9956 6.46946 227 
CLOSED 64.1719 10.27651 221 
Total 67.6295 9.20880 448 
JOINT LOW OPEN 69.3290 2.66558 155 
CLOSED 63.6514 2.40130 109 
Total 66.9848 3.79109 264 
LOW/MED OPEN 68.4565 2.79487 92 
CLOSED 63.8889 2.12596 63 
Total 66.6000 3.39136 155 
MED OPEN 67.5769 3.25744 78 
CLOSED 63.5091 2.45608 55 
Total 65.8947 3.56384 133 
MED/HIGH OPEN 67.4094 3.04035 127 
CLOSED 62.4138 5.13889 87 
Total 65.3785 4.70957 214 
HIGH OPEN 56.9437 10.69698 71 
CLOSED 49.3958 13.38106 48 
Total 53.8992 12.37027 119 
VERY HIG OPEN 42.4667 13.89690 15 
CLOSED 34.0833 9.26831 12 
Total 38.7407 12.58385 27 
Total OPEN 66.0892 7.64015 538 
CLOSED 60.6043 8.93399 374 
Total 63.8399 8.62403 912 
Total LOW OPEN 70.2368 2.66252 228 
CLOSED 63.6425 9.43253 179 
Total 67.3366 7.32882 407 
LOW/MED OPEN 69.4560 2.97707 125 
97 
 
CLOSED 64.4242 3.70077 99 
Total 67.2321 4.14963 224 
MED OPEN 69.4091 3.48378 132 
CLOSED 64.6847 3.97945 111 
Total 67.2510 4.39651 243 
MED/HIGH OPEN 68.2275 4.71562 167 
CLOSED 62.8487 5.85798 119 
Total 65.9895 5.84927 286 
HIGH OPEN 59.3118 11.60302 93 
CLOSED 53.5143 13.75220 70 
Total 56.8221 12.85672 163 
VERY HIG OPEN 45.2000 16.76023 20 
CLOSED 39.5882 14.19973 17 
Total 42.6216 15.68147 37 
Total OPEN 67.5451 7.64457 765 
CLOSED 61.9294 9.60263 595 
Total 65.0882 8.99576 1360 
ZONE 
E 
CONV LOW OPEN 69.3425 1.28257 73 
Total 69.3425 1.28257 73 
LOW/MED OPEN 68.6111 1.24849 36 
Total 68.6111 1.24849 36 
MED OPEN 67.8947 1.45999 57 
Total 67.8947 1.45999 57 
MED/HIGH OPEN 66.3500 5.09676 40 
Total 66.3500 5.09676 40 
HIGH OPEN 62.3182 8.03200 22 
Total 62.3182 8.03200 22 
VERY HIG OPEN 55.2000 14.42914 5 
Total 55.2000 14.42914 5 
Total OPEN 67.3948 4.73053 233 
Total 67.3948 4.73053 233 
JOINT LOW OPEN 65.7143 1.51794 63 
98 
 
Total 65.7143 1.51794 63 
LOW/MED OPEN 64.2059 1.90342 34 
Total 64.2059 1.90342 34 
MED OPEN 64.7500 2.48868 32 
Total 64.7500 2.48868 32 
MED/HIGH OPEN 63.7609 2.58358 46 
CLOSED 67.0000 . 1 
Total 63.8298 2.59865 47 
HIGH OPEN 58.9200 4.93221 25 
Total 58.9200 4.93221 25 
VERY HIG OPEN 50.4444 2.69774 9 
Total 50.4444 2.69774 9 
Total OPEN 63.4211 4.29274 209 
CLOSED 67.0000 . 1 
Total 63.4381 4.28958 210 
Total LOW OPEN 67.6618 2.28755 136 
Total 67.6618 2.28755 136 
LOW/MED OPEN 66.4714 2.72786 70 
Total 66.4714 2.72786 70 
MED OPEN 66.7640 2.41690 89 
Total 66.7640 2.41690 89 
MED/HIGH OPEN 64.9651 4.14004 86 
CLOSED 67.0000 . 1 
Total 64.9885 4.12168 87 
HIGH OPEN 60.5106 6.71427 47 
Total 60.5106 6.71427 47 
VERY HIG OPEN 52.1429 8.60999 14 
Total 52.1429 8.60999 14 
Total OPEN 65.5158 4.94055 442 
CLOSED 67.0000 . 1 
Total 65.5192 4.93546 443 
Total CONV LOW OPEN 72.7068 4.01155 191 
99 
 
CLOSED 69.6726 10.57708 226 
Total 71.0624 8.37556 417 
LOW/MED OPEN 73.1458 5.00942 96 
CLOSED 70.3982 5.00810 113 
Total 71.6603 5.18174 209 
MED OPEN 73.0130 5.48198 154 
CLOSED 70.9066 4.77297 182 
Total 71.8720 5.20949 336 
MED/HIGH OPEN 71.8182 7.84153 110 
CLOSED 69.7521 7.04897 117 
Total 70.7533 7.49873 227 
HIGH OPEN 68.1034 10.86389 58 
CLOSED 67.4265 10.21751 68 
Total 67.7381 10.48288 126 
VERY HIG OPEN 54.0000 18.37571 13 
CLOSED 55.4667 20.00309 15 
Total 54.7857 18.92354 28 
Total OPEN 71.8730 7.28829 622 
CLOSED 69.6033 8.67376 721 
Total 70.6545 8.13795 1343 
JOINT LOW OPEN 68.2844 2.89793 218 
CLOSED 65.6330 3.03181 218 
Total 66.9587 3.24595 436 
LOW/MED OPEN 67.3095 3.19866 126 
CLOSED 65.8571 2.92770 126 
Total 66.5833 3.14538 252 
MED OPEN 66.7545 3.30467 110 
CLOSED 65.8545 3.43708 110 
Total 66.3045 3.39392 220 
MED/HIGH OPEN 66.4393 3.33639 173 
CLOSED 65.1771 5.14587 175 
Total 65.8046 4.38123 348 
100 
 
HIGH OPEN 57.3402 9.57197 97 
CLOSED 51.8316 17.09713 95 
Total 54.6146 14.05477 192 
VERY HIG OPEN 45.4583 11.64690 24 
CLOSED 30.9167 16.11350 24 
Total 38.1875 15.72998 48 
Total OPEN 65.3168 7.00200 748 
CLOSED 62.7299 10.55206 748 
Total 64.0234 9.04475 1496 
Total LOW OPEN 70.3496 4.10374 409 
CLOSED 67.6892 8.08771 444 
Total 68.9648 6.62147 853 
LOW/MED OPEN 69.8333 4.99721 222 
CLOSED 68.0042 4.63318 239 
Total 68.8850 4.89296 461 
MED OPEN 70.4053 5.61829 264 
CLOSED 69.0034 4.96067 292 
Total 69.6691 5.32462 556 
MED/HIGH OPEN 68.5300 6.12010 283 
CLOSED 67.0103 6.37838 292 
Total 67.7583 6.29327 575 
HIGH OPEN 61.3677 11.31831 155 
CLOSED 58.3374 16.50111 163 
Total 59.8145 14.27182 318 
VERY HIG OPEN 48.4595 14.70751 37 
CLOSED 40.3590 21.23613 39 
Total 44.3026 18.67977 76 
Total OPEN 68.2934 7.84287 1370 
CLOSED 66.1035 10.26516 1469 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































APPENDIX D: DRIVER’S RESPONSE ON JOINT MERGE 
CONFIGURATION 
 
When did you drive through the area? 
I really can't recall the exact date. I believe it was the early part of this year (2009) 
 
What time was it? What day was it? 
It was early afternoon 
 
Was the road crowded? 
Yes  
 
What did you notice other vehicles doing as you drove through? 
Ahead of me, I noticed cars driving in the middle of the highway (over the center line) 
 
What action did you take in response to those other vehicles? 
I began to driving in the middle of the highway 
 
Did you stay in one lane or did you change lanes a few times? 
I stayed in the middle after I made the move  
 
Was the required merging movement easily understood? 
 I wasn't until I saw the sign. I knew something was up ahead by the actions of the other cars, but 
I didn't know what it was.   
 
Was it effectively communicated with the signs that were used? 
It was the first time I ever saw that type of sign. The movement made sense after seeing the sign.  
 
If so, what sign(s)?  
It was a yellow sign (?) with two lanes converging to the middle. 
 
Do you think anything could have been done differently to help the flow (i.e. change the length of 
the merging area, add or delete some signs)?  
Perhaps more signs 
 
Did you notice any "close calls" with vehicles merging together? 
I didn't notice any close calls 
 
Did you notice any aggressive driving? 
I didn't notice any aggressive driving 
 
Would you consider this design to be more or less safe /  more or less efficient? 
I would say that it is more safe. One thing is with the design is that there aren't any defined 
lane(s)Traffic seemingly flowed much better than that of closing one lane. I thought why anyone 
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